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VFOREWORD
This document presents the results of work performed by the
Lockheed Missiles & Space Company, Huntsville Research & Engi-
neering Center, under Contract NAS5-11614 to the National Aero-
nautics & Space Administration, Goddard Space Flight Center,
Greenbelt, Maryland. The Technical Officer for this study was Mr.
Daniel Dembrow of the Delta Project Office, Goddard Space Flight
Center. This report is submitted to fulfill the contract requirement
for a final report documenting the fi:^,dings of this study.
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ISUMMARY
This report presents the results of work accomplished during Phases
I and 11 of Contract NAS5-11614, "Research and Development of an Inert
Fluid Injection System for a Solid Propellant Rocket." This study was con-
ducted to evaluate the concept of trimming the velocity of an orbital vehicle
by producing a usable level of propulsive work by means of injecting an inert
(nonreactive) fluid into a spent solid rocket motor case. Residual heat stored
in the rocket motor case is utilized to v,porize and superheat the inert fluid
before it is expanded to ambient vacuum conditions by means of the rocket
motor nozzle. Utilizing this system, incremental changes in the velocity of
an orbital vehicle can be accomplished without the need fo g auxiliary pro-
pulsion units.
s.
	
	 An analytical study of the concept wab conducted under Phase I of
the contract. The mechanism for transfer of heat from the motor cham'^Der
walls to the injected fluid was established. This information was utilized
in the construction of detailed analytical thermal models of the TE-364-3
rocket motor (Delta third stage propulsion unit) and of two experimental,
subscale test motors developed under Phase II. A parametric performance
study was conducted using a digital computer program developed for this
purpose.
An experimental study, Phase II, was conducted in conjunction with
the analytical effort. Two experimental model configurations, spherical
and cylindrical, were designed and constructed to simula':e spent solid
rocket motors. A test program was conducted during which the spherical
model was heated internally by an integral burner system, the model
chamber evacuated, an inert fluid sprayed onto the chamber walls,
iii
temperature distribution time measurements made and performance param-
eters recorded.
The spherical thermal model, developed in Phase I, was used to pre-
dict temperature distribution and stored residual heat time histories; based
on temperature distribution in the spherical experimental model at initiation
of water injection. This information was compared with experimental data
and the theoretical model of the heat transfer process adjusted. Final pre-
dicted temperature distribution time histories agreed to within + ZU°K of the
experimental values.
A criterion for selecting fluids for use in an inert fluid injection system
was established during the Phase I effort. Maximization of the ratio of the total
impulse to the weight of a loaded rocket propulsion system (which reduces to the
specific impulse multiplied by the propellant mass fraction, or the installed
specific impulse) was used as the basis for the criterion when primary vehicle
weight is Plot known, Maximization of the velocity differential imparted to the
primary vehicle can be used when vehicle weight is known.
As a result of the work completed under this study it was concluded
that:
0 The velocity of an orbital vehicle can be trimmed by
producing a usable level of propulsive work through the
recovery of the residual heat stored in a spent solid
rocket motor. (This is a feasible concept, if sufficient
heat is available and the trim velocity required is low.)
• A limit on mass flow rate exists for a specified level of
available heat above which mass accumulation occurs in
the model chamber, and system performance deteriorates.
• Analytical techniques used in constructing the mathematical
thermal model
 are valid. (Experimental tem-^erature-time
measurements were matched analytically within the spefi-
Pied +ZO OK ban. The heat transfer coefficients obtained in
this analysis can be scaled for application to the analysis of
the motor.)
• A criterion for selecting the inert fluid was developed in
which the maximizatio.1 of the installed specific impulse
can be used when a specific vehicle payload is not known.(Maximization of the imparted velocity differential can be
used when payload information is known,)
iv
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Based on the results of the study initiation of Phase III,. the design of
the full-scale inert fluid injection system was recommended. Additional
experimental tests were also recommended to aid in designing the proto-
type injection system.
MAR
I
5#f
L_
#R
#
i
a
CONTENTS
Section Page
FOREWORD ii
SUMMARY iiixs
NOMENCLATURE xi
?
1 INTRODUCTION 1
2 THEORETICAL ANALYSIS 4
2.1	 Literature Survey 4
2.2 Material Property Selection 4
2,3 Thermal Analysis 5
7. 2,4 Performance Analysis 11
2.5 --Inert Fluid Selection Criterion 17
.' 3 EXPERIMENTAL PROGRAM 26
3,: Subscale Model Design and Fabrication 26
3.2 Model Instrumentation 29
3.3 Test Stand Hardware 30
3.4 Test Ptiogram 32
3.5 General Comments 35
t 3.6 Data Reduction 36
4 PRESENTATION OF DATA 38
4.1	 Comparison of Temperatrzce Distributions 38
4.Z Residual Heat Prediction 40
4.3 Performance Calculations ', 41
5 CONCLUSIONS 44
CITED REFERENCES AND BIBLIOGRAPHY 45
r	 1
Section
	
Page
APPENDIXES:
A: Thermal Model Construction and Utilization 	 A-1
B: Derivation of Correction Factors for Total(Impact) Temperature Probe 	 B-1
LIST OF ILLUSTRATIONS
Table
1 Thermal Properties of Materials Used in Construction
of Subscale Spherical and Cylindrical Test Models 49
2 Thermal Properties of Materials Used in Thermal
Model of TZ - 364-3 Prototype Motor 50
3 Characteristics of Example Motor and Fluid Used
in the Parametric Study 52
4 Values of Parameters Used to Reduce Experimental Data 52
5 Summary of Test Runs 53
6 Final Heat Transfer Coefficients Used in Thermal
Analysis of Spherical Subscale Test Motor 54
7 Heat Transfer Coefficient Multiplication Factors 55
8 Available Residual Heat and Heat Transfer Rates to the
Fluid for the Spherical Experimental Test Model (Test 5,
Run 1) 55
Figure
1 Predicted Heat Available in Example Motor as a Function
of Time and Superheat (initial motor temperature, T C =
10000R, xhH2O = 0.00151 lbm^sec)	 I 56
2 Predicted Heat Available in the Example Motor as a Function
of Time-and Mass Flow Rate of the Water (initial average
motor temperature, TC I = 1000oR, SJHF = 0.1) 57
3 Chamber Pressure in the Example Motor as a Function of
Mass Rate of Flow and Superheat (Initial Average Motor
Temperature, TC = 1000 0R) 58I4 Basic Dimensions of Spherical Subscale Motor Used in
Experimental Test 59
5 Aft Shell and Nozzle Assembly Before Installation of the
Thermocouples, Liner, and Graphite Throat 60
6 Interior of Forward Shell with Liner Installed 61
7 Aft Shell and Nozzle Assembly with Thermocouples, Liner
and Graphite Throat Installed 62
vii
Mn 	 Wi
Figure
9
10
J	 11
12
13
14
15
16
17
a
18
19
_20
21
i
22
23
24
25
26
A,
a
Page
Exterior of Forward Shell with Thermocouples Installed 	 63
Injector/Burner System Showing Burner Details	 64
Injector/Burner System Showing .Injector Details 	 65
Nozzles for Use in the Water Injector System 	 66
Completed Cylindrical Insert Used to Create an L/D = 2
Test Model Configuration
Thermocouple Locations on the Spherical Subscale
Test Model
Thermocouple Installation Details
Forward Shell of Subscale Test Model Showing Detail of
Thermocouple `Installation on Internal Surface
Forward Shell of Subscale Test Model Shoving Typical
Installation of Thermocouples on Internal Surface
Laboratory Test Facilities with Spherical Test Model
Installed
Flow Rate Calibration Curves for Orifice Diameter = 0.004 in.
Flow Rate Calibration Curves for Orifice Diameter= 0.006 in.
Two Valve Mode Experimental Hardware Configuration
Temperature Distribution in Subscale Motor Case at t = 0
sec (Burner Off) Radiation Cooldown Test (No Water
Injection)
Temperature Distribution in Subscale Motor Nozzle at
t = 0 sec (Burner Off) Radiation Cooldown (No Water
Injection)
Temperature Distribution in Subtl-cafe lAoter Case at
t = 75 sec (After Burner Off) Ratfiat' , 1 Cooldown Test
(No Water Injection)
Temperature Distribution in Subsc.:,le Motor Nozzle at
t = 75 sec (After Burner Off) Radiation Cooldown Test
(No Water Injection)
Temperature Distribution in Experimental Subscale Test
Model Case with Four 0.006-ir, Diam. Nozzles. Arranged
90 deg Apart: Test 5, Run 1 ir:ne: 0.0 sec after H2O
Injection)
Temperature Distribution in Experimental Subscale Test
Model Nozzle with Four 0.006-in. Diam. Nozzles Arranged
90 deg Apart: Test 5, Run 1 (Time: 0.0 sec after H2O
Injection)
F
67
F8
69
70
71
72
73
74
75
76
77
78
79
80
81
Iy--,
viii
iFigure Page
27 Temperature Distribution in Experimental Subscale Test
Model Case with Four 0.006-in. Diam. Nozzles Arranged
90 deg Apart: Test 5, Run 1 (Time: 30.0 sec after H2O
Injection) 82
28 Temperature Distribution in Experimental Subscale Test
Model Nozzle with Four 0.006-in. Diam. Nozzles Arranged
90 deg Apart: Test 5, Run 1 (Time: 30.0 sec after H2O
Injection) 83
29 Temperature Distribution in Experimental Subscale Test
Model Case with Four 0.006-in. Diam. Nozzles Arranged
90 deg Apart: Test 5, Run l (Time: 60.0 sec after H2O
Injection) 84
30 Temperature Distribution in Experimental Subscale Test
Model Nozzle with Four 0.006-in, Diam. Nozzles Arranged
50 deg Apart: Test 5, Run 1 (Time: 60.0 sec after H2O
Injection) 85
31 Temperature Distribution in Experimental Subscale Test
Model Case with Four 0.006-in. Diam. Nozzles Arranged
90 deg Apart: Test 5, Run 1 (Time: 1.00,0 sec after H2O
Injection) 86
32 Temperature. Distribution in Experimental Subscale Test
Model Nozzle with Four 0.0'06-in, Diam. Nozzles Arranged
90 deg Apart: Test 5,- Run 1 (Time: 100,0 sec after H O2Injection) 87
33 Temperature Distribution in Experimental Subscale Test
Model Case with Four 0.006-in. Diam, Nozzles Arranged
90 deg Apart: Test 5, Run 1 (Time: 30.0 sec after H2O
Injection) (Adjusted heat transfer coefficients) 88
34 Temperature Distribution in Experimental Subscale Test
Model Nozzle with Four 0.006-in. Diam. Nozzles Arranged
90 deg Apart: Test 5, Run 1 (Time: 30 sec after H O
Injection) (Adjusted heat transfer coefficients)
	
2 89
35 Temperature Distribution in Experimental Subscale Test
Model Case with Four 0.006-in-, Diam. Nozzles Arranged
90 deg Apart: Test 5, Run 1 (Time: 60.0 sec after H2O
Injection) (Adjusted heat transfer coefficients) 90
36 Temperature Distribution in Experimental Subscale Test
Model with Four 0.006-in. Diam. Nozzles Arranged 90 deg
Apart: Test 5, Run 1 (Time: 60.0 sec after H 2O Injection)(Adjusted heat transfer coefficients) 91
37 Temperature Distribution in Experimental Subscale Test
Model Case with Four 0.006-in. Diam. Nozzles Arranged
90 deg Apart: Test 5, Run 1 (Time: 100.0 sec after H2O
Injection) (Adjusted heat transfer coefficients) 92
a
	 ix
,,	 v	 _ _
FFigure Page
38 Temperature Distribution in Experimental Subscale Test
Model Nozzle with Four 0.006-in. Diam. Nozzles Arranged
90 deg Apart: Test 5, Run I (Time: 100.0 see after H 0
Injection) (Adjusted heat transfer coefficie-a6)
	
2 93
39 Sonic Impulse as a Function of Mass Flow Rate from Experi-
mental Data (Test 12) Using Subscale Spherical Model with
Two 0.006-in. Diam. Nozzles Arranged 180 deg Apart 94
40 Chamber Pressure as a Function of Mass Flow Rate from
Experimental Data (Test 12) Using Subscale Spherical Model
with Two 0.006-in. Diam. Nozzles Arranged 180 deg Apart 95
41 C-Star Efficiency as a Function of Mass Flow Rate from
Experimental Data (Test 12) Using Subscale Spherical Model
with Two 0.006-in. Diam. Nozzles Arranged 180 deg Apart 96
42 Sonic Thrust of Spherical Experimental Test Model as a
Function of Time for Test 14, Run 2 (rh = 0.00 102 lb M/sec) 97
x
CCF
Cp
C
D
d T/dx
dT/dtl
f (Y, M)
F"
:.
F`(c
g
h,
s_ h
H
F	 1
NOMENCLATURE
area, ft 
surface area subject to radiation heat transfer, ft2
throat area of a converging-diverging nozzle, ft 
exit plane area of a converging/diverging nozzle, ft2
area subject to heat exchange with external environ-
ment (Eq. (2.1)), ft2
constant coefficient defined in Section 2.3.1
thrust coefficient
specific heat at constant pressure, Btu/lb -oR
characteristic velocity, ft/sec
diameter or characteristic dimension, ft
temperature-length derivative
temperature-time derivative
function of ratio of specific heats and molecular weight
view factor
thrust, lbf
thrust as a function of time, lbf
gravitational acceleration, ft/sect
heat transfer coefficient, 'Btu /ft 2- oR - s ec
heat transfer coefficient between model element and the
external environment (Eq. 2,1)), Btu/ft?-OR-sec
total heat stored in motor that is available to vaporize
and heat an inert fluid, Btu
Xi
A
Ar
At
Ae
A^
r	 1
PRECEDING PAGE BLANK NOT FILMED.
Gv	 velocity increment imparted to vehicle, ft/sec
w	 propellant mass fraction (Eq. (2.27))
X	 length, ft
Greek
Y ratio of specific heats
E emissivity
nc C-star efficiency (Eq. (2.22))
latent heat of vaporization, Btu/lb
µ
m
absolute viscosity, lbf/ft2-sec
kinematic viscosity, ft2/sec
P density, lbm/ft3
O Stefan-Boltzmann constant or factor accounting for
variation of p and µ across boundary layer, Btu/sec-
ft2-oR4
Subscripts
A denotes quantity averaged over complete system
a air
am average motor
anal analytical
av time average
c chamber (Section 2.4), convective regime (Section 2.3)
e earth (Section 2.3), exit plane conditions (Sections 2.4
and 2.5)
en ambient or environmental
exp experimental
f final
i
xiii
Fy
fl fluid
2 gas
H hardware
' i time imcrement
I initial condition of fluid
j element j
L liquid phase
m motor
n element n
o stagnation condition
rad radiation
sat saturation condition
tot total
v vapor
of vapor film
w wall
nozzle throat conditions
oe ambient conditions
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Section 1
INTRODUCTION
The ability to provide a, controlled velocity trim of a known magnitude
to an orbital vehicle can mean the difference between success or failure of
a mission. The thrust necessary to provide such a velocity increment can be
obtained by various propulsion techniques. The injection of an inert fluid
into a spent solid rocket motor provides a means to utilize the residual heat
stored in the rocket motor case to obtain a useful velocity increment from
the vaporization of the fluid and the heating of the resulting gases.
The concept of injecting gases or liquids into an evacuated chamber and
expanding the gases through a diverging nozzle is not new. Previous studies
have been concerned with systems that either operate at low chamber condi-
tions (temperature and pressure), Ref. 1, or require auxiliary heaters to pro-
vide the higher temperatures and pressures desired for operation, Ref. 2. An
advantage can be gained over previous concepts if the higher chamber temper-
atures can be obtained without the use of auxiliary heaters. This can be ac-
complished if the residual heat stored in a spent solid propellant rocket is
used to vaporize and superheat a fluid injected into the motor chamber.
In such a system, the inert fluid is sprayed into the motor chamber where
i it either changes phase instantaneously, i.e, flashes, or contacts the heated
surface of the motor case and subsequently vaporizes. If the effective heat
transfer rate to the vapor is high enough or the dwell time in the motor chamber
is long enough, superheating of the vapor may also take place. The heated vapor
is then expanded to ambient conditions through the converging-diverging nozzle
of the rocket motor, yielding a useful thrust level.
-tem is dependent on the properties of theThe performance of such a sy, 
fluid being used and the thermodynamic state (pressure and temperature) to
W7 7
iwhich the vaporized fluid is raised before it is expanded to ambient conditions.
The thermodynamic state to which the vapor is raised is dependent on the
effective heat transfer rate between the motor case and thefluid which is,
in turn, a complex function of fluid properties, mass-rate-of-flow of the fluid,
spray distribution, drop size, initial conditions in the motor case and motor
geometry. In addition, application of an inert fluid injection system to a pri-
mary vehicle imposes limitations on overall volume and weight of such a sys-
tem. Thus, the optimization and design of an inert fluid injection system
would involve: an evaluation of the heat transfer processes occurring in the
system; the establishment of inert fluid selection criteria; and the evalua-
tion of parameters effecting injector design. The study presented in this re-
port followed the above general approach.
This report presents the results of Phases I and II of a planned four-
phase study that has as its goal the design, fabrication and evaluation of a
full-scale inert fluid injection system 'that can be used to provide low thrust
velocity trim, In Phase I of the study the inert fluid injection concept was
theoretically described and evaluated. The basic relations used to describe
the convective heat transfer process that occurs between the fluidan-i the
motor case were established. These relations were incorporated into three
mathematical thermal models that were used to evaluate the description of
the heat transfer process. A parametric study of the performance of an inert
fluid injection system was conducted using one-dimensional flow theory. Re-
sults of this study were used as a guide for designing the experimental model
in Phase II. A criterion for selecting a fluid for use in an inert fluid injection
system was established,
A versatile experimental model suitable for use in laboratory tests to
evaluate the various parameters affecting performance efficiency was designed
and fabricated in Phase II. The experimental model can be tested in either a
basic spherical configuration or a cylindrical configuration. The cylindrical
configuration was created from the basic spherical model by inserting a cylin-
drical section to give a length-to-diameter ratio of two. A test program was
conducted in Lockheed's Low Density Environmental Chamber in which water
2
1was used as the working fluid. Spray distribution, injector nozzle size,
working fluid mass flow rate and the amount of stored heat energy were
varied during the test program.
The work conducted during this study established the feasibility of the
inert fluid injection concept for low velocity trim requirements. Theoretical
and experimental temperature distributions were matched within -.+ 20 0 K
accuracy objective. A set of heat transfer coefficients which can be utilized
in the evaluation of a full-scale (prototype) system were developed.
Work conducted under Phase I of this study is presented in Section 2.
Section 3 discusses the experimental programs of Phase II. Theoretical
and experimental data are discussed in Section 4. Section 5 presents the
conclusions.
3
FSection 2
THEORETICAL ANALYSIS
A theoretical analysis was conducted to establish physical principles
that govern the relationships for converting the post burnout residual heat
of a solid propellant motor into propulsive work by injecting an inert work-
ing fluid into the motor chamber. The analysis was divided into the follow-
ing sections: (1) literature survey; (2) material property selection; (3)thermal
analysis; (4) performance analysis; and (5) inert fluid selection. A discussion
of each section of the analysis follows.
2.1 LITERATURE SURVEY
A computerized literature search for information applicable to this
study was made at the Redstone Scientific Information Center. Topics such
as "thrust augmentation" and "thrust vector control" in conjunction with the
sub-topics of "steam," "'inert gas" or "cold gas" were surveyed. Both un-
classified and classified information was requested. In addition, personnel
associated with this study conducted independent surveys concerning material
properties, fabrication techniques, and testing methods. Information sources
obtained from these surveys are listed in Cited References and Bibliography.
2.2 MATERIAL PROPERTY SELECTION
Results of the literature survey provided information on the thermal
properties of materials used in constructing the laboratory, subscale, test
model and the TE-364-3 prototype motor. Several sources of information
(Refs. 3 through 11) were reviewed. Material thermal properties (thermal
conductivity, specific heat and density) were selected on the basis of the best
available data taken from previous analyses, manufacturers' data, material
4
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properties handbooks and otiier appropriate sources. Particular attention
was given to the problem of obtaining temperature-dependent thermal prop-
erties for use in constructing the analytical thermal models of the three
motor configurations. Thermal properties of the materials used in the sub-
stale test models are presented in Table 1.
To aid in attaining the overall goal of the study, the design and fabri-
cation of the laboratory test model was coordinated with the analytical effortn
to ensure that adequate thermal data were available for the materials utilized.
'.Thus, materials selected for use in the experimental model were required to
cornplement the analytical effort as well as to satisfy the experimental re-
quirements. This approach resulted in a more realistic representation of the
thermal paths in the laboratory test model and better analytical predictions.
Although the materials used in the construction of the TE-364-3 motor
were specified, certain adjustments were needed to facilitate construction of
the thermal model. These adjustments took the farm of substitution of m;-
terials with known thermal properties for materials whose properties were
not known. Substitute materials were selected on the basis that they closely
approximated the materials that were replaced. The thermal properties of
the materials used in the prototype model are presented in Table 2.
2.3 THERMAL ANALYSIS
The thermal analysis was conducted to:
• Prepare a set of equations to describe, in terms of the
significant and critical variables, the heat transfer phe-
nomenon occurring in a spent solid rocket motor into
which an inert fluid has been injected;
• Develop mathematical thermal models of the subject
motors which can be used to predict temperature pro-
files and estimate the amount of residual heat available
in a motor case as a function of time.
5
To accomplish these objectives, heat transfer relations which describe
the assumed physical phenomenon were obtained. Based on these relations,
mathematical thermal models were constructed for the following three con-
figurations:
• Spherical experimental test motor
• Cylindrical experimental test motor
• Thiokol Chemical Corporation TE-M- 364- 3 solid
propellant rocket motor.
Each motor was thermally modeled, using an equivalent electrical resisto r -
capacitor network with variable boundary conditions. The thermal models
took into account all types of heat paths (conduction, radiation and/or con-
vection) from the motor to the inert working fluid and surrounding environ-
ment. In determining the heat transfer coefficient for application between
the interior model surface and the inert fluid, the evaporative heat transfer
mechanism was considered to play the primary role.
2.3.1 Heat Transfer Theory
In the thermal analyses, the composite walled subscale models and the
prototype motor were divided into small incremental volumes or elements.
A total energy balance relation was then written for each element. Ultimately,
a set of generalized differential energy transfer equations was established for
the various cross sections of each component of the hardware system.
Considering a small incremental volume in terms of its heat capacity
and its radiative, conductive and convective energy transfer, gives the follow-
ing total energy balance on the j th element:
pj Vj Cp dTj/de = ^vAj CA- g (T4 - T4)J
+ hc. Ac. (Tg - Tj)
J	 J
6
1 A. (TJ - TC	 a)
I
I- r oA^ C;r a (T4 - Ta )
N
- E Kn nA dT. /dX.J-n	 J-n
n=1
where
(2.1)
pj V  Cp 
J 
dTj/dB is the rate of change of sensible heat due to
energy transfer to or 2!!om element j
h A (T - T.) is the energy rate gained or lost due to con-r	 cj cj g	 J vective exchange between element j and the
internal 'gas," g
h" A^ (T. - T) is the energy rate gained or lost due to con-
J	 J	 J
a
vective exchange between element j and the
external "air," a
aAj CP g (T4 - T4) is the energy rate gained or lost due to radiant
exchange between element i and the internal
"gas"
OAi 	(T'	 j - T is the energy rate gained or lost due to radiantJ	 J-a a exchange between element j and the external
'Fair"
K A dT. /dX.	 is the energy rate conducted to or from elementn n J-n
	 J-n j along path n to acjoining elements
In this equation, it is assumed that there is no internal heat generated within
the jth element and that the element under consideration has a uniform tem-
perature, T =Tj over its volume.
In an analysis of this nature, certain assumptions must be made to ob-
tain a solution to the physical problem. Since the equations describing the
physical principles involved in solving the problems of a fluid injection/heat
recovery system are quite complex, the following simplifying assumptions
were made:
3
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• After vaporization, the inert working fluid (water) is treated as
a perfect gas, and the fluid properties of the gas can be calcu-
lated using; the perfect gas laws.
• Film boiling occurs on the portions of the chamber and nozzle
which are contacted by the spray from the fluid injectant.
• The spray pattern from the injectant nozzles is symmetrical and
the fluid is equally dispersed along the interior of the conical
section of the submerged nozzle and the aft chamber liner.
• The minimum terc-.7ierature of the vaporized fluid is the vapor-
ization temperature of the fluid based on the measured chamber
pressure. (Superheating would result in an increase in the tem-
perature of the vaporized fluid. )
• The heated motor temperature is symmetrical about the motor
centerline (no circumferential temperature gradient).
These assumptions were used in applying the heat transfer relations,
particularly the heat transfer coefficient expressions, in the construction of
the thermal models.
The convective term in Eq. (2.1:) hcJ Ac, ('T g - T j), represents the
prime mechanism by which the residual heat stored in the motor case is
transferred to the working fluid, thereby producing useful propulsive energy.
The heat transfer coefficient, h C. is dependent on the state of the fluid, the
J
1 _
	
	
state of the heat source, and the geometry of the system being studied. Be.-
cause of this multiple dependency, different equations are -required to define
the heat transfer coefficients which apply to the various surfaces of the ther-
mal model. To satisfy this requirement, the appropriate equations were
selected from the literature. Among the equations selected were relations
that had been developed for film boiling in spheres and horizontal cylinders.
The equations selected and the region in the thermal model to which they
were applied (Fig. A-1) are listed below.
r .	 Injector
h = 0.332 X 3 Pr ^F2ex (Ref. 12)	 (2.2)
rForward Shell
h = 0.332 k t 3 pr	 Rex (Ref. 12)	 (2.3)
Aft Shell	 (Ref. 13) z
11	
z
h = 0.14 kvf D3 Pvf (PL- pvf ) ge	 CpA	 + 0.5 p^D	 p of	 k of Cpvf^ w' Tsat)	 ge
(2.4)
Inner Nozzle Cone
h = 0.62 k 
3 
of (PL
_ f of ^o g l 
1/4	
(Ref. 13)	 (2.5)
VVf D Tw - Tsat)
2
where	
o
	 1.0 + 0,4 Cpvf (Tw - Tsat) is the adjusted heat
of vaporization
Nozzle	 0.8	 0.9
h=-0.2
	 A aD	 p o.6 o	 CPr
Y - 1	 2	 Z.
where C =	 7- 1
 
M	
.T
0)
 
(Ref. 14)
1+ 2 M2	 w
In applying Eqs. (2.2) through (2.6)o the state and phase of the working
fluid, the spray distribution, and the geometry of the particular surface were
considered. The flow in the vicinity of the surface of the injector and the
forward shell was assumed to be laminar in nature. Equation ( 2.2) or (2.3)
^	 9
1,
which was developed for laminar flow over a flat surface (Ref. 12) was applied
in this region.
Flow in the vicinity of the surface of the aft shell (the injected fluid
impinges in this region) was assumed to be turbulent. Equation (2.4) which
was developed for film boiling on a spherical surface (Ref. 13) was used in
this region. Equation (2.5) which was developed for laminar vapor film on a
horizontal cylinder was applied on the surfaces of the inner nozzle cone.
Both Eqs. (2.4) and ( 2.5) require information on the saturated vapor at the
vaporiz;:: .tion temperature (vf) and the saturated liquid (L) before h can be
evaluated.
The convective heat transfer coefficient for application in the nozzle
was calculated using Eq. (2.6). This relation was developed by Bartz (Ref. 14)
for rapidly accelerating flows in rocket nozzles. Flow conditions at various
stations in the exit nozzle were utilized in evaluating this equation.
The values of ''h" determined from the above relations will vary as
initial states of the working fluid vary and as the temperature of the motor
case changes. No attempt was made to derive exact heat transfer relations
for the surfaces in the models. Instead, the heat transfer coefficients were
modified, as needed, by the use of correction factors or multipliers. The
development of heat transfer coefficients for the test cases considered is
discussed in Section 4.
Results of the thermal analysis are used to construct mathematical
thermal models as described in Appendix A. The thermal models are then
used in conjunction with Lockheed ' s Thermal Analyzer program, P2Pi. 15, to
obtain predicted values of the distributed temperature and available stored
heat time histories.
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2.4 PERFORMANCE ANALYSIS
The performance analysis consisted of: (1) developing and applying a
one-dimensional performance analysis digital computer program, and (2)
developing relations for use in determining the performance of the subscale
test motors from experimental data. In accomplishing ( 1), a parametric
study was conducted of a motor having characteristics similar to the spheri-
cal test motor.
The amount of propulsive work that can be obtained from a spent solid
rocket motor by the injection of an inert fluid is directly dependent on the
amount of heat energy stored in the rocket motor case; the rate at which this
energy can be transferred from the case to the fluid, and the final skate of the
working fluid. The available heat energy stored in a rocket, motor of mass mm
relative to the temperature of the inert fluid, Tfl, at any time t, can be ex-
pressed as:
AH(t)	 C  A-mm'(Tam(t) Tfl)`	 (2.7)
where	
't
C 	 =	 X. C P 	(2.8)
A	 i-f	 1.
In Eq. (2.8) Xi and CP are the mass fraction and specific heat capacity of
1
the N components of the rocket motor. The average motor temperature,
Tam(t) is given by the relation
E Xi CP.
Tam(t) =	 C	 Tl(t)	 (2.9)
PA
For a motor incorporating an inert fluid injection system, the heat energy
stored in the motor is primarily dissipated by means of radiation to the
surroundings and convective transfer of energy to the inert fluid. Consider-
ing transfer of energy to the fluid first, the total Feat transfered to the fluid
11
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"	 during a time interval At, can be expressed as:
	
Q fl (t) = 
mfl L
C P 
L (TV 
(t) - Tfl/) +Ahv + C 	 I'Tf(t) - Tv (t))] At	 (2.10)
	
v
where mfl , Tv (t), and Tf (t) are consided to be averaged over the interval At.
In Eq. (2.10), all of the fluid injected into the motor chamber is
assumed to have been vaporized and heated to the same final temperature, Tf(t).
In addition, all of the heat required to raise the fluid to its final temperature
is assumed to be available and can be transferred during the time interval,
At. In the above equation, TV (t)and Ahv are functions of the model chamber
`	 pressure. Final temperature of the fluid, T f (t) , is dependent on the heat
transfer rate between the motor and fluid and is limited by the interior sur-
face temperature of the .cor. The fluid becomes superheated when the
final temperature of the fluid is greater than the vaporization temperature
of the fluid corresponding to the chamber pressure of the motor. To include
the effect of superheating in the analysis, the final temperature of the vaporized
r; fluid is assumed to be a percentage of the difference between the average motor
case temperature, Tam(t) , and vaporization temperature, TO) . This per-
centage is denoted by a superheat factor (SHF) and is defined by the relation
SHF
'I f
	
°
(t) - T (t)
t	 = 	 (2.11)
Tam(t) - Tv t)
The superheat factor takes on values from 0.0 to 1.0 as T f(t) varies from Tv(t)
to Tam (t). As Tam(t) approaches Tv (t) the potential heat transfer capability
diminishes. When Tam(t) equals Tv(t) Eq. (2.11) is no longer valid and T,(t)
equals Tv(t).
Heat lost from the motor
,
 by radiation in the time interval, At, is
expressed as
12
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Qrad(t) = a c rf Ar lT 4 (t) - Ten (t )1 At (2.12)
where Tam(t) and T eri(t) are average values applied over the interval At.
Thus during any time interval, the loss in heat energy from the motor is,
(2.13)Qtot (t) = Qrad(t) + Q fl (t)
The heat available in the motor at any time is then
n
Hi(t) = Ho _	 Qtot. (t)
i=1 i
(2.14)
1
where the subscript i indicates the number of time intervals considered. The
average temperature of the motor T am(t), used in obtaining Q tot. (t) is cal-
culated at the end of each time interval, A t, by the relation	 i
H. (t)
Tam.(t) - C:1 -m	 (2.15)i	 PA m
The performance of the system during any time interval, is calculated
based on motor geometry and vapor pressure and temperature in motor
chamber. The equations used to calculate performance information, ob-
tainable from many standard texts, were taken from Refs. 16 and 17 for
this study. The pressure in motor chamber is determined from the equation
1 y+1 1 ^
Pc (t ) = M.fl y, Z yy-1 Rg Tf(t )	 (2.16)
M
g At
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r{	 which assumes that choked flow is established in the nozzle throat, i. e., rn'fl.
in
= mfl	 Accounting for motor geometry, the thrust is expressed as:out	 1
2	
ly+ 1
	
P (t)1	
2
F(t) = AtPc(t) y y l v+1 1	 1 1.0 - l P"	 J	 .(2.17)
+ (Pe(t) Pool A 
and specific impulse is written as:
I (t) = FtS 
	 mfl
(2.18)
The exit pressure ratio, Pe t) , is obtained from the following equation
	
Pc t)	 y
-1
At _ __ N + 1 —y l
.l	 Pe (t ) y	 Y# 1 1,0 _ Pe(t)_,Ae	 2	 'Y 1	 P`7)
J(2.19)
where At /Ae is specified for a given motor. Total impulse, I, produced by
the system can be calculated from the following relation
	
T =	 Fi(t) At 	 (2.20)
i=1
Equations (2.7) through (2.20) have been incorporated into a digital computer
1	
program that was used to conduct the parametric study discussed in Section
2.4,1.
2.4.1 Parametric Study
A parametric study was conducted for a motor having the characteristics
outlined in Table 3. In this study the effect of initial temperature, mass flow,
and degree of superheat were evaluated, using water as the working fluid.
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The variation in the heat remaining in the example motor as a function of fluid
injection time and superheat for a constant mass flow of 0.00151 lbm/sec is
presented in Fig. 1. The example motor case is assumed to be at an average
temperature of 1000"R at the initiation of fluid injection and, as a result, the
motor contains 1269 Btu of stored energy. An increase in superheating is de-
noted by an increase in the superheat factor (SHF)which specifies the tempera-
ture level to which the fluid is heated. SHF = 0.0 denotes no superheating and the
fluid is at the vapor temperature corresponding to the vapor pressure. Ac'SHF
increases, the heat remaining in the motor as a function of time decreases.
Over the time span shown, the effect of increasing superheat produces only
• slight reduction in the heat remaining in the example motor, but it provides
• significant improvement in performance.
The magnitude of the heat remaining in the example motor at any given
time, t, is affected by variations in the crass flow rate of the fluid, as shown
in Fig. 2. This figure presents the variation in heat stored in the example
motor as a function of time and mass flow rate for a constant superheat fac-
tor,-SHF =-0..1.
	 The example motor is assumed to have the same initial tem-
perature and contains the same amount of stored energy as specified for Fig.
1. As the assumed mass flow rate is increased, the heat remaining in the
motor- at a specified time decreases sharply. The total time required to dis-
sipate all of the available energy is also shown in this figure, and as expected,
decreases with increasing mass rate of flow of the inert fluid.
Figure 3 shows the variation of the chamber pressure in the example
motor with mass flow rate of the fluid as a function of superheat at initiation
of water injection. Initial conditions in the motor are the same as previously
discussed. The lowest curve is for the no-superheat condition, SHF=0.0.
and corresponds to the vapor pressure curve conditions for water. If the
chamber pressure is assumed to be constant- when the mass rate of flow is
increased a resulting change occurs in the superheat level. Thus, for this
assumption, an increased mass rate of flow requires less superheat to pro-
duce the same chamber pressure.	 Similarly, increasing superheat at a
15
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constant pressure reduces the mass rate of flow required and therefore in-
creases the specific impulse of the system.	 If the superheat is assumed
constant as the mass rate of flow is increased, an increase in the chamber
pressure is observed. This is expected since increasing the mass flow per
unit area for a given fluid at a specified temperature requires an increase
in pressure.
In conducting this parametric study, all of the heat required for a
specified condition (superheat level) was assumed to be available. This is not
necessarily true, and every effort must be made in the system design to
maximize the heat transfer from the motor case to the inert fluid. This can
be accomplished to some degree by selecting the proper fluid, as described
in Section 2.5.
2.4.1 Experimental Data Reduction Equations
Data from the laboratory experiments was utilized in the following set
of equations to calculate values of the performance parameters.
y+1
Sonic Specific Impulse = Isp g f	 Y? 1	 y- 1
y+1
C-Star Analytical 	 = C* anal	
1 Y+ 1 'y - I
_ 
y 2
i
A	 2Rg T 	 (2.2i)
A 
-
M
L
A	 2
Rg T 	 (2.22)
M
C-Star Experimental C e
 = pc`4tg
m
C-Star Efficiency	 = rl c - C* exp/C*anal
(2.23)
(2.24)
Measured values of mass rate of flow, chamber pressure, and total
temperature we re used in conjunction with the values of the parameters
presented in Table 4 to reduce the experimental data.
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FCanal - 78.2 Tc
e = PCAt9
exp -	 Al
P At g
,nc _
78.2 m
x
(2.26)
(2.27)
(2.28)
1
The reduced equations are:
IsP*
= 2.445 4 T
c
(2.25)
Results obtained from applying these relations to the experimental data
are presented in Section 4.
2.5 INERT FLUID SELECTION CRITERION
To establish a criterion for selecting an inert fluid for use in a velocity
trim system, the term "inert fluid" must first be defined. Combining the
definitions of "inert" and "fluid" results in the following definition of "inert
fluid:"'
"A chemically non-reactive substance that readily assumes the
shape of the container into which it is placed; a substance in which
F	 the application of every system of stresses (other than hydrostatic
pressure) will produce a continuously increasing deformation without
any relation between time rate of deformation at any instant and the
magnitude of stresses at that instance."
The condition of inertness is always stated relative to an environment
or second substance. In this application the substance should be relatively
inert, i. e., non-reactive when it is injected into a rocket chamber.
17
rtotal wt inert wt
wt	 + system +	 inert
of vehicle hardware fluid
wt wt inert wt
)
spent
e) )vehicle  fluid
AVP = g Isp PIn
(hardwarsystem
+
(2.29)
The selection of a substance for use in an "inert .fluid" injection system
is subject to various considerations, such as:
• limitations on overall volume and weight of the system
• mass fraction
• total heat available for conversion to propulsive energy
• total impulse desired
• time required to impart desired AV correction
• mode of operation desi;!ed (min - mout or min > mout)
Limitations on the overall volume and weight of an inert fluid velocity trim
system arise from a consideration of the carrier vehicle. System size will
be dictated by the allowable envelope that is compatible with the intended
payload. Fluids that require large storage vessels or accessory equipment
are not compatible with the intended objective of the system. System weight
should be kept to a minimum to reduce the velocity penalty imposed on the
primary vehicle. The relationship between the velocity imparted to a vehicle
by the primary propulsion system and the vehicle weight isexpressed as:_
The velocity penalty imposed on the vehicle by the addition of the velocity
trim system can be calculated by subtracting AV P (Eq. (2.29)) from the
following expression:
rtotal weight
of
vehicleJ	 gIsp In weight of
spent
vehicle
(2.30)
or
velocity penalty = OV - OV.c;
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(2.31)
total mass of fluic
w — total mass of fluid and mass e
	 (2.32)
The mass fraction of the velocity trim system as expressed by
becomes important when the differential velocity imparted to the spent vehicle
by the trim system is considered. The differential velocity imparted to the
spent vehicle is given by:
wt	 wt inert	 wt
spent + system +of
vehicle	 hardware (fluid)
^VTS = glsp In	 wt	 wt inert	 (2.33)
(
spent + system
vehicle	 hardware)
As Eq. (2.33) indicates, maximizing the trim system mass fraction yields a
desirable effect on the amount of velocity differential imparted to the vehicle
by the trim system. Thus, to be suitable for this application, a substance
should exist as ,a liquid, , having a high density, at or near standard condi-
tions. This criterion reduces the required storage volume and limits storage
pressure and storage vessel weight.
Since the working fluid is to be stored in a liquid state, the latent heat
of vaporization must be considered in evaluating the fluid for this applica-
tion. The heat required to raise a substance to a given state is related to the
value of the heat vaporization when a liquid-to-vapor change is involved.
In this application the total amount of heat energy available to vaporize a
working fluid is limited. To maximize the propulsive energy obtained from
this system, as much of the fluid as possible should be vaporized by utilizing
the available heat. The necessity for completely vaporizing the working fluid
is discussed in Fief. 18 in terms of the kinetic and thermal equilibrium states.
Any liquid droplets that exist, reduce the specific impulse produced by the
system. This reduction in performance stems partly from a difference in
ieimperature of the liquid and gas but primarily from a difference in velocity
of the droplets and the gas. The importane-e of a low latent heat-of-vaporization
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can be seen by examining Eq. (2.10) again. This relation gives the total
amount of heat, (2fl (t), that must be transferred to the fluid to raise the
temperature of a mass of fluid given by
mfl = &fl of	 (2.34)
from Tfl to T f (t) during a time span At. Reduction in the heat- ofwaporization
results in an increase in the mass of fluid that can be vaporized during the
time interval At.
After the substance is vaporized, the ability. to superheat the gas must
be considered. The gas is superheated by radiative and convective heat
transfer. In either case, the heat transfer rate to the gas will be low. Thus,
to ensure conditions that are favorable for superheating, the heat capacity of
the gas should be low and the absorptivity should approach 1.0.
The occurrence of condensation in expanding, adiabatic flow markedly
affects the relationship between temperature and pressure which results in
a smaller value of gamma (Y), or larger value of C p. In rocket applications,
however, there is a fortunate cancellation of effects which results in very
similar values for the exhaust velocity regardless of whether or not conden-
sation occurs. Whereas a larger value of C  tends to increase the exhaust
velocity, condensation decreases the number of moles of gas thereby lower-
ing the expansion work. The net effect is usually to increase performance
slightly when condensation occurs.
The "mode l ' of operation of this system will strongly affect the heat
transfer process. If mass rate of flow is adjusted so that "mass in" equals
"mass out" an optimum mode of operation has been established. If all of
the fluid is being vaporized, optimum performance will be obtained. If mass
in is greater than mass out, mass will accumulate in the model c;i zber and
a decay in system performance will result. The loss in performance results
from a decrease in the-temperature of the vapor (reduction in superheat).
2D
-	 r
(2.36)
The vapor would have a temperature closely corresponding to the vaporiza-
tion temperature of the fluid for the existing chamber pressure. The desired
level of mass flow for a given fluid can be obtained by generating a plot of
chamber pressure versus mass flow, using points on the fluid vapor pres-
sure curve as the chamber conditions, see Fig. 3. Data from experimental .
tests indicate, that for a given chamber pressure, values of mass flow rate
to the left of the curve correspond to superheating conditions while mass
flow rate values on the right of the curve are indicative of "puddling."
The criterion for selecting an inert fluid for use in a velocity trim system
may have as its basis: (1) the maximization of the installed specific impulse
-	 (Eq. (2.35)); (2) the maximization of the specific power; or (3) the maximiza-
tion of the velocity differential imparted to the vehicle by the trim system.
The installed specific impulse or impulse-weight ratio and the imparted
velocity differential are indicative of both the performance of the system
and the effectiveness of the system structure. , The specific power is a
parameter that is indicative of the utilization of the mass in the propulsion
system in producing kinetic gas power of the ejected matter. Utilization of
any of these parameters as a basis for selecting a fluid would involve the
pertinent aspects of the complete inert fluid injection system.
The instaitea specific impulse can be expressed as:
1'PINS	 Llspav] lw
	 (2.35)
where ,7vis the propellant mass fraction of the system.
The average specific impulse can be expressed as:
1 i ^
	 z1	
_ 2 a	1-(Pe	 Z R T z.
_	
Y
	spav Y _ 1	 Pc	 g M
c
i
where the pressure and temperature of the fluid used in evaluating Ispav are
averaged over a incremental time span At. The assumption of a perfect gas
is also used in evaluating Eq. (2.36) since the working fluid is being treated
a.s a pure substance over the temperature range being considered.
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IFor a specified motor geometry, i. e., area ratio of the exhaust nozzle,
the ratio of chamber pressure to exit pressure (P
c e
/P ) is a function of y.
For example, for a motor having an area ratio of 53.0 the exit plane pressure
ratio varies from a low of 400 to a high of 1500 as y is varied from 1.1 to
1.4, Ref. 17. Briscoe, Ref. 1, shows that a low value of y is desirable in
order to maximize the product of the first and second terms of Eq. (2.36).
He also shows that this product increases for a given y as the ratio of
chamber-to-exit pressure is increased. Application of the pressure ratio
limits of the example motor to the curves presented in Ref, i shows that
the product of the first and second terms of Eq. (2.36) has a range of values
from 2.5 for a y of 1.4 to 3.0 for a y of 1.1.
The third term of Eq. (2.36) contains the square root of the ratio of
the temperature of the vapor in the motor chamber to the molecular weight
of the vapor. For a given fluid the magnitude of this ratio is dependent on
the temperature to which the vapor is heated. Assuming any fluid can be
raised to the same final temperature in the chamber, the ratio can be maxi-
mizedby utilizing  fluid with a low molecular weight.
The mass fraction of the velocity trim system, w, defined in Eq. (2.32),
is dependent on the amount of available residual heat stored in the motor- case
and the characteristics of the inert fluid being used. For a given level of stored
heat, a specified amount of a particular fluid can be vaporized and superheated
to a resultant final temperature. If steady=ztate operation is assumed, the equa-
tion relating the stored heat to the mass of propellant being vaporized is,
m11	 ( CP (Tv - TI + 44V + CP (Tf - Tv)	 (2.37)
I L	 v	 av
This relation assumes that all of the fluid is vaporized and superheated to
the same final temperature. The denominator- is evaluated using fluid pro-
perties and conditions that are averaged over the injection time of the fluid.
If H and Tf are assumed constant, the mass of fluid that can be utilized by
an inert fluid injection system is dependent on the fluid properties C  , Tv,
I.
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Ohv , and Cpv . For fluids having a high heat of vaporization, Ohv , the
mass of fluid that can be utilized is low. If the mass of the system hard-
ware is assumed constant for the fluids being considered, a low usable fluid
mass will result in a low system mass fraction. Thus, a fluid having a
high heat of vaporization is less desirable from consideration of the sys-
tem mass fraction. If the mass of the trim system hardware required for
the use of a particular fluid increases, such as for cryogenics, the result-
ing system mass fraction could still be low, even through the heat of vapor-
ization is acceptable.
Thus, maximization of the installed specific impulse requires a fluid
having a low value of Y and Ahv . Operation of the trim system at high
ratios of Pc to Pe produces an additional beneficial effect. The desirability
of a low phv exists provided the fluid being considered does not require
excessive system hardware.
The specific power of an inert fluid injection system can be expressed
as,
FI
ZM V 2 	 sPav
	 (2.38)s	 ,n. + mfl) g 2 (n-,, {- mf 1)
The average specific impulse is given by Eq.(2.36) and the thrust, F, is
expressed as,
1
C m m CF 1 (y+1
 X_+
 -I RgTc li
F = CF 
_
g	 =_.g 	Y\ 2	 M (2.39)
where iY l ' Z	 (	 zC	
2y	 :I - Pe 
y	 1 2 \y40
l Y I"^	 Fc /	 y Z ^y+l} (
Pe ao Ae
Pc	 At (2.40)
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For a given motor geometry, A e/At
	53.0, the thrust coefficient, CF,
ranges from a value of 1.92 for a Y of 1.1 to a value of 1.69 for a Y of
1.4. For a particular fluid, the thrust, F, can be expressed as,
n
f( Y, M)
Fav	 g	 av	 Tf	 may	 (2.41)av
Under the same conditions the equation for the specific power reduces to,
f (Y, M) 1
Ps =
	
SPINS	 f )av	 (2.42)
2g At
The denominator now contains the term At which is the period of time over
which the fluid mass will be injected. Since the mass rate of flow "in" is
assumed equal to the mass rate of flow "out," At also is indicative of the
time required to vaporize the fluid for optimum performance. Thus, the
same criterion which maximizes the installed specific impulse will also
maximize the specific power of the system.
The velocity differential imparted to the vehicle by the trim system is
given by Eq. (2.33) with the specific impulse calculated by Eq. ( 2.36). The
expression for AV imparted to the system involves the weight of the spent
primary vehicle. Maximization of the velocity differential thus requires
knowledge of the vehicle to which the trim system will be applied. Substi-
tution of Eq. (2.32) into Eq. (2.33) yields an expression for the imparted
velocity differential in terms of the trim system mass fraction
wt	 wt
w spent+ of
AV	 I in	 vehicle	 fluid	 (2.43)TS - g sp	 wt i
	
— wt
w spent + ( 1 - w) of
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An examination of Eq. (2.43) shows that maximization of the specific impulse
and trim system mass fraction results in maximization of the imparted velocity
differential.
Therefore, considering the velocity trim system separately, a fluid
selection criterion based on maximization of the installed specific impulse,
Eq. (2.29), should be used in choosing a fluid for application in an inert
fluid injection system. When information on the primary vehicle is avail-
able, maximization of the velocity differential imparted to the system should
be used. An appropriate fluid selection criterion is listed below.
Boundary Conditions:
• Non-reactive with the working environment.
• Storable in liquid state at or near standard temperature and pressure.
• High density in liquid state
• Required total impulse produced in applicable time span
e Mass rate of flow of fluid into motor equal to mass rate of flow out.
Selection Conditions:
• Low ratio of specific heats, VA
• Low molecular weight, M
• Low latent heat of vaporization, Ahv
ro Low heat capacity in vapor phase
• High propellant mass fraction, w
• High absorbtivity
(Eq. (2.36) )
(Eq. (Z.36))
(Eq. (2.37) )
(Eq. (2.37) )
(Eq. (2.35) )
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Section 3
EXPERIMENTAL PROGRAM
The experimental portion of this study was conducted to confirm the
concepts of an inert fluid injection system that were evolved from theoretical
considerations. To accomplish this task, a set of experimental hardware
was developed and a test program conducted. Design and fabrication of the
test hardware and details of the test program are discussed in the following
paragraphs.
3.1 SUBSCALE MODEL DESIGN AND FABRICATION
Design of the subscale model for this study was guided by two equally
important criteria: (1) the model must be configured so that all of the required
parameters can be evaluated; (2) the data resulting from tests in which the
model was used must be applicable to the design of a full-scale system. To
satisfy these criteria, easy access was to be provided to components on the
model so that they could be interchanged, modified or adjusted. In addition,
enough instrumentation was to be provided to ensure that the test data would
be accurate over a wide range of test conditions. To ensure that the second
criterion was satisfied, the model was designed to be dimensionally similar
to the TE-364-3 rocket motor now being used as the propulsion unit on the
third stage of the Delta vehicle. Dimensions of the spherical subscale model
were obtained by reducing the overall combustion chamber diameter, the exit
nozzle throat diameter and the exit nozzle throat to exit plane length of the
TE-364-3 by a factor of four. This design approach resulted in a subscale
model configuration that has internal flow characteristics similar to those
of tine full-scale or prototype motor. No attempt was mace, however, to
design the model to be a dimensionally or thermally "scaled" model of the
TE-364-3 rocket motor. A dimensioned sketch of the spherical subscale
model is presented in Fig. 4.
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IThe basic subscale model is composed of spherical case, conical
nozzle, and burner/injector system. The case was formed by two hemi-
spherical 0.125-in. thick shells, spun from 316 CRES stainless steel, and
held together during testing by bolt flanges welded to the circumference of
each shell. Mating surfaces of the flanges form the bearing surface for a
Viton 110" ring used to vacuum-seal the joint.
The conical nozzle, machined from a single piece of 304 CRES stain-
less steel, was welded to the aft shell to form a submerged nozzle configura-
tion (Fig. 5). A flange at the nozzle exit plane serves as the model-to-test-
rig mating surface. Egress for the thermocouple leads through the model
walls was provided by 0.06-in. diameter holes and slots drilled or machined
at specified locations on the forward shell and aft shell/conical nozzle
assembly.
The interior surface of the forward shell and aft shell/conical nozzle
assembly was lined with 0.012-in. thick high-silica glass cloth (C-100-28
Refrasil) impregnated with a high heat phenolic (91-LD), Ref. 8. This
material was selected for the liner because of environmental requirements
and the ease with which the material can be applied. The geometry of each
of the assemblies required that a special application technique be used. In
general, however, the glass cloth was installed in four layers, each of which
was composed of one or more sections. The joints on each layer were over-
lapped by each successive layer, resulting in a thermally "tight" liner of ,
nominal 0.06-in. thickness. After the glass cloth was applied, each assembly
was oven-cured. (Various techniques were used to ensure that a tight bond
resulted during curing.) A special plastic bag was sealed over the liner of the
forward shell, and the space between the bag and liner was evacuated. This
technique provided equal pressure over the entire liner surface, resulting
a uniform bond between liner and metal surface.
"Plugs" constructed of Silastic 601 Room Temperature Vulcanizing (RTV)
material were used to obtain uniform pressure when the aft shell/conical
2.7
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Fnozzle assembly was cured. The plugs were fabricated by filling the cavity
to be cured with virgin RTV material. While the liner was being cured, the
plugs were held in place by metal plates which were configured to apply
additional press;are as well as to restrain. Plugs were fabricated to cure
the internal surface of the aft shell and the surfaces of the conical nozzle
that would be exposed to exhaust gases. Figures 6, and 7 show the interior
of the forward shell and aft shell/conical nozzle assembly, respectively,
after the liner and thermocouples are installed. Figure 8 shows the exterior
view of the completed forward shell.
The rest of the model is composed of an acetylene/air burner and an
inert fluid reservoir and injector nozzle assembly. The burner, shown in
Fig. 9, is composed of a cylindrical chamber into which  air is introduced,
and a cylindrical burner tip or "can"' into which acetylene is introduced. The
acetylene/air mixture is ignited by dual glow plugs at the exit plane of the
burner can. The acetylene and air are controlled by valves in the test rig.
A cavity, concentric to the burner chamber, forms the inert fluid
reservoir. Eight inert fluid injector ports lead from the reservoir to the
model chamber. Four of the ports are aligned parallel with the model center-
s	 line and four are pitched downward at a 15 deg angle toward the model center-
line, Fig. 10. Alternating, parallel and pitched ports are located every 45 deg
around the periphery of the burner injector. The spray pattern utilized in
l: the motor can be varied by using either the parallel set of ports or the
.i "pitched"' set of ports, but not both sets simultaneously. Each injector port
is threaded to accept a stainless steel or brass injector nozzle. Each nozzle
is made of a threaded plug into which a small-diameter stainless steel tube
_	 has been brazed. Figure 11 shows a typical set of nozzles.
To determine the effect of length-to-diameter ratio on system effi-
ciency, a cylindrical insert, composed of a stainless steel cylinder with
bolt flanges weldad to each end, was also fabricated. The cylinder is instru-
mented and lined in the same manner as the basic spherical model. With
the insert installed, the subscale model has a length-to-diameter ratio of
two. The completed insert is shown in Fig. 12.
2.8
3.2 MODEL INSTRUMENTATION
Instrumentation on or associated with the subscale model was designed
to satisfy three objectives: (1) to provide temperature-time history data to
be compared with analytical results; (2) to provide data to determine system
performance; and (3) to provide data from which residual heat versus time
information can be determined. To meet the requirements of the first and
third objectives, the model was instrumented internally and externally with
57 28-gauge Chromel-Alumel thermocouples, 46 of which are located in a
single plane cut through the model centerline and symmetrical about the
centerline. The remaining thermocouples were in a secondary plane, per-
pendicular to the primary plane. Figure 13 shows thermocouple locations
on the model.
Three or more thermocouples were installed at each location. In
general, the thermocouples are installed on the outside of the case, on the
inside of the case, and under the last layer of liner material. A typical
thermocouple location is shown in Fig. 14. Figures 15 and 16 show °a typical
installation of a thermocouple on the inside case. Care is taken during
installation to align each thermocouple directly over the thermocouples
previously installed at that location. This results in more accurate temper-
ature profile data for comparison with analytical results.
In addition to the thermocouples on or in the model case, three gas
temperature probes were installed to measure the total temperature. Two
of the probes, made of shielded Chromel- Alumel 20-gauge thermocouple
wire, are located on the forward shell. The third probe, made of standard
Chromel-Alumel 28-gauge thermocouple wire, is located at the exit plane
of the conical nozzle and is positioned along the model centerline. This
probe is used to measure impact temperature.
The remaining instrumentation on the model is composed of pressure
sensor ports. Two ports are provided ci the spherical case to measure
model chamber pressure. Pressure at these locations is measured by
Statham strain gage pressure sensors (0-15 Asia). Impact pressure is
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measured at the nozzle exit plane by an impact probe and a Baratron sensor
unit with a 0 to 10 mm Hg range.
During each test run, output signals from the thermocouples and
pressure sensors are recorded by an oscillograph. Three recorders were
used during the test program.
3.3 TEST STAND HARDWARE
Test stand hardware required for the test program is composed of an
environmental chamber, chamber-to-model adapter, various control valves,
g	 and assorted electronic circuitry required for system control and monitoring
the test parameters. The nucleus of the test stand hardware is the environ-
mental chamber, described in Ref. 19. Basically the environmental chamber
t	 is an 82 cm by 122 cm stainless steel cylindrical tank pumped with a 10 -in.
oil diffusion pump, backed by a 50 cfm mechanical pump. In addition, the
chamber is equipped with a liquid nitrogen-cooled shroud with 6.5m2 of
t	 cryopumping surface area.
Interface with the environmental chamber is provided by a large man-
ually operated vacuum valve, which is used to isolate the test model and
'	 test adapter from the environmental chamber during the "heat -up" phase of a
test. A stainless steel 6 -in. diameter "T" section forms the test adapter.
The test model and a second large manually operated vacuum valve are
mounted on the test adapter. The second vacuum valve is used to isolate
the test adapter from ambient conditions. Orientation of the test model can
be varied by rotating the test adapter with respect to the test-adapter-to-
environmental chamber vacuum valve.
Flow of air, acetylene and water to the model is controlled by four
''on-off,'' normally closed, electrically operated solenoid valves. Air is
supplied to the model from a central distribution system at 90 + 10 psig. A
Valcor thi ee-way solenoid valve is used to initiate and terminate air flow,
which is regulated by a small manually operated valve to obtain an air /fuel
mixture that ignites smoothly.
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Acetylene is supplied to the model from a standard storage bottle.
Supply pressure is set by a regulator which is installed on the storage
bottle. Acetylene flow to the model is initiated and terminated by an Air-
matic and a Skinner solenoid valve mounted in series in the acetylene supply
line. This arrangement is utilized to ensure positive shut off of acetylene
flow when the burner is extinguished. A hand-operated valve between the
two solenoid valves is used to control the acetylene flow.
Water is supplied to the model from a storage reservoir inside a
vessel pressurized with dry nitrogen. During the injection phase of a test,
a Fisher and Porter variable-area flowmeter with a measurement range of
0 to 64.5 cc/min was used to measure water flow rate in the water supply line.
The solenoid valves are activated by three two-position 110V ac toggle
switches. An "ignition enabling" system, built into the do power supply
circuit for the glow plugs, provides an additional control on the acetylene
supply circuit. Power must be supplied to the glow plug circuit and both
glow plugs must be functioning before ac power can be supplied to the sole-
noids in the acetylene supply line. If one of the glow plugs fails to function
at any time during the operation cycle, the ac power circuit to the acetylene
solenoids opens and the valves close. automatically. This system ensures
that there is an adequate ignition source before and while acetylene is being
supplied to the burner.
Remaining test-stand equipment is associated with conditioning, indi-
cating or recording test data. A CEC Type 5-119P4-50 (50 traces) recording
oscillograph and Type 5-036B Record Magazine was used to record most
of the test data. A small CEC Type 5-124 oscillograph was used to record
internal temperatures at nozzle throat and at four other pertinent locations.
This recorder gives essentially real-time data visualizato,)n and was used
to obtain information on which to base certain test decisions. Tmpact pres-
sure data were recorded by a Honeywell Electronic 16 Multipoint_Strip Chart
Recorder. The input signal for this recorder is generated by an MKS
Baratron Type 77 Electronic Pressure Meter. Conditions in the environ-
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imental chamber are monitored by Alphatron pressure indicators and ioni-
zation gauges (if required). Test stand hardware described in the preceding
paragraphs is shown in Fig. 17.
3.4 TEST PROGRAM
The test program conducted during this study was primarily concerned
with demonstrating the feasibility of generating a usable level of propulsive
work by the injection of an inert fluid into a heated chamber. To accomplish
this objective a series of tests was conducted to evaluate variations in inert
fluid flow rates, injector spray distribution and drop size, mode of fluid in-
jection, and initial amount of residual heat stored in the test . model. Inert
fluid flow rates were varied by controlling the pressure differential on the
injector. Spray distribution and drop size were varied by utilizing injector
nozzles of different diameters and arrangements for a specified range of luid
injector pressure drop. Injection was controlled manually, and consisted of
continuous flow injection and pulsed injection. The amount of residual heat
stored in the model was controlled by the length of time the pine-heat burner
was permitted to operate. The heating process was limited by the burner
flame temperature and the heating value of the fuel-oxidizer combination
that was used. Test hardware described in the preceding paragraphs was
used to conduct the tests summarized in Table 5. Thirty-six teats were
conducted during the test program. A discussion of the instrument calibra-
tion procedures, testing procedures, problems encountered, and data re-
duction techniques is presented in the following paragraphs.
3.4.1 Calibration
The thermocouple system was calibrated using a do signal generator
with a secondary standard .rating. Thermocouples were divided into three
general temperature ranges for calibration purposes. Externally mounted
thermocouples were checked over a range of 32 to 300 0F. Imbedded ther-
mocouples, were calibrated over a range of 32 to 900 0F, and thermocouples
that were mounted on or near the internal surface were calibrated over a
1
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range of 32 to 2100 0F. Each thermocouple was calibrated separately using
a minimum three-step calibration procedure. Resulting calibration data,
temperature (corresponding to input voltage) versus galvo deflection, were
prepared in curve fora, for use in reducing test data. A check of the 320F
(zero thermocouple output voltage) galvo location was conducted frequently
to ensure the accuracy of data reduction. Whenever deemed necessary, a
thermocouple calibration was conducted to ensure data accuracy.
The calibration of the pressure transducers used to sense model
chamber pressure was checked using the environmental chamber, a MKS
Baratron Type 77 electronic pressure meter, and a digital voltmeter..
Calibration data in the form of voltage output, from the transducer versus
environmental chamber pressure was correlated with galvo deflection which	 f
was simultaneously recorded. Calibration checks that were made on the
transducers during the test program matched the calibration data of the
manufacturer.
In addition to the instrumentation calibrations that were conducted,
curves of mass rate of flow versus nozzle pressure differential were gene-
rated for nozzles used in the test program. The data were obtained by
weighing the amount of water that flowed through a nozzle (or nozzles) during
a given period of time for a set nozzle, AP. The nozzles were calibrated
using room temperature water with a maximum supply pressure of 50 f 10
psig. The nozzles have the flow characteristics shown in Figs. 18 and 19.
3.x,2 Test Procedure
In general, test runs were conducted according to the procedure pre-
sented in Fig. 20. As the diagram shows, the procedure is simple, lending
itself well to the rapid generation of test data. Maintenance of :cryopumping
efficiency in the environmental chamber is the factor that controls test fre-
quency. Initial tests were conducted under the assumption that the cryopanels
in the invironmental chamber must be clear of frost to ensure adequate
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pumping capability for the following test. As testing experience was accu-
mulated, it was determined that the cryopanels were not overloaded by a
single test. Test frequency was accordingly increased. By the end of the
current series of tests, test runs were being conducted at the rate of about
two per hour.
3.4.3 Test Conditions
For individual runs, test conditions were specified by model orienta-
tion, injector configuration (size and number of injector nozzles), length of
the model heat-up period, pressure differential on the injector (mass rate of
flow), mode of fluid injection, and total time fluid was injected. Model
orientation was maintained constant during the test program. Injector config-
urations utilizing two and four nozzles were tested. Nozzles with diameters
of O.004 in. and 0.006 in. were tested in the four-nozzle injector configuration.
Only the nozzles with a diameter of 0.006 in. were tested in the two-±a;.,zle
configuration. Pressure differential across the nozzles was varied between
20.0 and 55 Asia. Results of the test program are discussed in Section 4.
The length of the model heat-up period determined the maximum temp-
erature levels in the model case. Since water injection was initiated at
approximately the same time after the burner was extinguished for each run,
the burn-time also established the tensperature distribution in the model at
initiation of water injection. Burn times were varied from 180 to 720 sec
during this test program.
Two modes of fluid injection were tested, steady flow and pulsed. All
but one of the runs. were made in the steady flow mode. The pulse run was
made using a 15-sec water-on, water-off cycle. The duration of water injec-
tion was maintained fairly constant at the arbitrarily selected figure of 120
sec.
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r3.5 GENERAL COMMENTS
During the test program, several experimental difficulties were en-
countered. In most cases a solution was found and the problem was sub-
sequently resolved. Some of the problems and the resultant solutions are
briefly described in the following paragraphs.
During the initial vacuum checks on the model a high leakage rate was
revealed. The source of the leaks was found to be the egress holes for the
thermocouple wires. Further investigation revealed that the insulation,
adjacent to the model case, on each of the thermocouple wires had not been
removed before the sealant ( Silastic RTV 891), was applied. As a result,
there was an unobstructed leakage path in the insulation of each wire. To
cure this problem, all of the sealant initially applied was removed; the ther-
mocouple wire insulation removed as required; and new sealant applied.
This "fix" was satisfactory at first, but later the sealant separated from the
model shell because of the high temperatures eperienced on the surface of
the model. Model tests were halted at this point and other candidate sealants
were evaluated. A ceramic adhesive, Sauriesen No. 1, was selected as the
basic sealant, and a sodium silicate solution (40 deg), "water glass" coating
was used to reduce the porosity of the ceramic. This combination was
applied to all thermocouple egress points after the old sealant was removed.
As a result model leakage was reduced to an accep table level and was main-
tained after numerous tests.
In the configuration first tested, water was. supplied to the model from
a central water system
_..
 Shortly after testing was begun conditions indica-
tive of clogged nozzles were detected. (This 'problem had been anticipated
and a 50 m filter had been installed in the supply line before testing. ) The
nozzles were; removed and found to be clogged. The contaminants were
examined and were found to be composed, primaril y, of a scale similar to
F
	 that found in boiler tubes. To prevent .recurrence of this problem, a distilled
water supply system and additional filters were incorporated into the test
hardware. The filters were installed in the water supply line, adjacent to the
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water storage container, and at the exit of the nozzle ports in the burner
injector assembly. The filters installed in the nozzle posts were conical in
shape with an approximately 0. 125 in. diameter base. They were fabricated
of a tight mesh, chemically machined, screen. To ensure an unobstructed
flow, these filters were removed and either cleaned or replaced after 10
test runs. Installation of the distilled water system and the filters eliminated
the nozzle clogging problem.
Two total temperature probes were built into the original test model
configuration. These probes were constructed of shielded Chromel-A1umel
20-gauge thermocouple wire. The probes protruded approximately 3/4 in.
past the internal surface of the liner. Test data from several runs
revealed that the probes were not responding adequately to changes in
chamber conditions. A thermal analysis was made for a thermocouple of
this type and location. Results of this analysis showed that the probes were -
being saturated by (responding to) radiation from the surrounding walls. In
lieu of constructing radiation shields for these probes, an additional probe
was added at the nozzle exit plane, after which realistic results were ob-
tained. Some radiation effects still occur, but corrections for radiation
can be made satisfactorily.
3.6 DATA :REDUCTION
Reduced data from the test program was utilized to: (1) calculate
system performance and (2) confirm the analytical thermal modeling tech-
nique s.
All of the desired parameters were recorded by an oscillograph (except
environmental chamber pressure and mass flow rate of the water). The last
two parameters were recorded in 15 sec intervals by the test operator.
Parameters recorded on oscillograph paper were evaluated by means
of calibration curves of pressure or temperature plotted versus galvonometer
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1deflection, measured from the reference condition. The mass rate of flow
of the water was obtained by applying a conversion factor to the numbers
read from the flowmeter scale. The environmental chamber pressure was
recorded directly in mm Hg, thus no conversion was required.
Absolute-type pressure transducers were used to sense model chamber
pressure, thus no corrections were required for reference pressures. In
addition, fluid velocity components that would affect the pressure reading
were assumed to be zero. The model chamber pressure data reduced from
the oscillograph recordings were therefore used with no corrections.
Temperature time histories recorded at the various locations in the
model were also utilized without correction. Since three or more thermo-
couples were installed at each location, erroneous data were detected by
comparing adjacent temperature values.
The total temperature values reduced from the oscillograph data did
require correction before being used. Since the temperature of a probe
surrounded by heated walls may be increased substantially by radiative ;Neat
gain, a correction for radiation heating error was applied to the data. In
}	 addition, the total temperature n4trz were corrected-for errors due to the
f
	 velocity of the flow in the noz, le. A recovery factor of 0.86, Ref. 20, was
used in this correction. The development of the radiation and velocity error
corrections is presented in Appendix B. For test conditions considered in
this program, the radiation and velocity errors are opposite in sense and
approximately equal in magnitude. Thus, the initial data can be used with
only a slight error being incorporated into the results.
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Section 4
PRESENTATION OF DATA
Evaluation of data from the experimental program was divided into;
• A comparison of the temperature distribution in the test model
with analytically predicted temperature variations;
• Calculation of available heat in the test motor as a function of
time; and
• Calculation of system performance based on experimental data.
4.1 COMPARISON OF TEMPERATURE DISTRIBUTIONS
The test temperature distribution and the analytically predicted tem-
perature distribution on the spherical laboratory test model were compared
for two test conditions:
• Radiation cooldown (no inert fluid flow).
• Water injection cooldown.
The radiation cooldown test was conducted to provide an initial cbeck of the
spherical thermal model and consisted of heating the test motor to a relatively
high temperature (12640F at the nozzle throat) and recording the temperatures
as the`,•.nodel cooled by conduction and radiation. The burner "off' temperature
data was used as the initial boundary condition for prediction of the temperature
distribution. Experimental and predicted temperatures were compared after
75 sec had elapsed.
Figures 21 through 24 present results of the radiation cooldown test
comparison. Figures 21 and 22 were derived from test data and were used as
initial boundary conditions for the thermal model. Figures 23 and 24 show the
comparison between, the predicted and test temperatures after 75 sec had elapsed.
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rAs can be seen, excellent agreement between predicted and test temperatures
was obtained for most of the data points. Irregularity in the predicted tem-
perature profile at 0 = 0 deg shown in Fig. 23 is caused by the mass of the
flange shown in Fig. A-1. The junction of,.the case and nozzle is shown as a
deflection at X = 0.25 in. in Fig. Z4. Overall agreement between the predicted
and test temperatures presented in Figs ?3 and 24 is considered to verify the
thermal model conduction and radiation networks.
The water injection cooldown test was used (1) to verify the selection
of the appropriate heat transfer coefficient equations and (2) to determine the
correction factors, as required, to adjust these equations to el%sure that pre-
dicted and experimental temperatures agree within + 20°K (+ 360F). Results
of the comparison are presented in Figs. 25 through 38 ar..d for the most part
are well within the established criteria. Data points presented. on the figures
for comparison purposes are an average of the thermocouple readings fora
given cross section. If all of the data points were plotted separately, the
calculated values for the most part would fall well within the data spread and
the allowable deviation.
Figures 25 through 38 were developed from Test 5 Run 1 made on
March 9, 1969. Figures 25 and 26 represent the initial conditions and Figs.
27 through 32 present a comparison between predicted and test temperatures
for a water injection cooldown using the initial heat transfer coefficients
calculated from the equations presented in the analysis section. Comparisons
were made between predicted and test temperatures at 30, 60 and 100 sec
after water injection. More pronounced deviations between the test data and
the analytical predictions become apparent as the test duration increased.
The deflection in analytically predicted temperatures at 6 = 0 degrees in
Figs. 27, 29 and 31 and at X = 0.25 in. in Figs. 28, 30 and 32 are pr=:marily	 >-
caused by the selection of heat transfer coefficients or by using average
values of the heat transfer coefficients. Figures 33 through 38, present a
comparison between predicted and test temperatures for a water injection
cooldown using adjusted heat transfer coefficients. During the comparison,
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1the forward shell test temperatures were observed to follow the same trends
as those of the aft shell. The aft shell heat transfer coefficient was there-
fore used for both locations. As can be seen in Figs. 33, 35 and 37, excel-
lent agreement between predicted and test temperatures was obtained.
Modifications (correction factors) for the heat transfer coefficient equations k
which were used during the comparison of Test 5 Run 1 are shown in Tabu 7.
Corrected values of the heat transfer coefficients for the various regions in
the test model are presented in Table 6.
The departure of the analytically predicted temperature profiles from
the experimental values at 6 = 0 deg shown in Figs. 33, 35 and 37 (more
pronounced in Figs. 35 and 37) are caused by the heat stored in the flange
at the equator of the spherical experimental test model Fig.A-14. Tempera-
ture distribution differences shown in Figs. 34, 36 and 38 (X=0.0) are caused
by using average values of the heat transfer coefficients between the nozzle
throat and the nozzle-case junction, and the nozzle-case junction and the
nozzle exit.
4.2 RESIDUAL HEAT PREDICTION
An estimate of the total wesidual heat available in the spherical. experi-
mental test model for conversion into propulsive energy was made from the
thermocouple measurements of Test 5, Run 1. The amount of residual heat
initially stored in the test model was obtained by using the measured tem-
perature distribution that existed in the model just before water was injected.
An estimate of the residual heat remaining in the test model for 30, 60 and
100 sec after water injection was obtained using these predicted temperature
profiles. These estimates of the available heat energy are based on the
difference between the temperature at any location on the model and the tem-
perature of the injectant (70 0F). The available residual heat and heat transfer
rate !3s a function of time for Test 5, Run 1 are presented in Table S.
The total residual heat available in the prototype (TE-M-364-3) was
predicted using the test data presented in Refs. 10 and 11, and assuming
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rthat the interior surface of the motor insulationwas at flame temperature ( 55000F).
Using a 70 0 reference, it was determined that approximately 33,000 .00 Btu are
available for conversion into propulsive energy-. Based on an average heat of
formation of water, Ahv = 1100 Btu, approximately thirty pounds of water can
be vaporized by the amount of heat stored in the prototype motor case.
4.3 PERFORMANCE CALCULATIONS
Performance of the spherical experimental test model was calculated
from measured values of the mass rate of flow of the water, model chamber
pressure, and total temperature. Results of performance calculations trade
with data from Test 12, Runs 1-6 and Test 14, Run 2 are shown in Figs. 39
through 42.
'	 Test 12 was conducted using two 0 . 006-in. diameter injector nozzles
arranged 180 deg apart. Runs 1 through 5 were for the steady flow injector
mode. A pulsed injection mode was utilized in Run 6 with fluid being injected
in 15-sec pulses at 30-sec intervals. Data are presented at 30-, 60- rind
100-sec time points for each run. Times are referenced to the initiation of
fluid injection. Injectant mass flow rates for these tests raz iged from 0.00034
lbm/sec to 0.00134 lbm/sec.
Sonic specific. impulses (C F = 1.0) as a function of measured mass
flow rate is present ed in Fig. 39. The specific impulse values were calcu-
lated using Eq. (2.25) and corrected experimental values of total tempera-
ture. In calculating the specific impulse by this method, -it is implied that
mass-flow - in is equal to mass-flow-out, but this is not necessarily true for
these tests. The specific impulse values plotted in Fig. 39 reflect the
specific impulse that corresponds to the analytical characteristic velocity
for a given chamber temperature. Thus, Eq. (2.25) is obtained by dividing
Eq. (2.26) by the factor 11g."
I
I
Isp = C	 78.2g - 32.174 N y c = 2.45 ^T c (4.1)
When mass is not conserved (tzin> moot) the problem becomes time-dependent
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in that mass is accumulating within the model chamber, i.e., "puddling"
occurs. In this case specific impulse values calculated by using Eq. (2.25)
represents an upper limit for a given chamber temperature. An additional
factor that must be considered in this case is the state of the fluid being
ejected. Since the fluid is being sprayed on the heated interior of the model,
some of the fluid will evaporate on contact and possibly will become super-
heated. Although puddling occurs, mass-flow-rate-out does not necessarily
correspond to the pool boiling evaporation rate.
Thus, to interpret the data plotted in Fig. 39 properly, it musty be
known if mass is conserved for the test condition. Figure 40 presents a
plot of test model chamber pressure as a function of measured mass-flow-
rate-in that aids in determining if min does equal 
moot• Data from Test 12,
Runs 1 through 6, are shown relative to a curve corresponding to the vapor
pressure curve for water. Points lying on the "vapor pressure" curve repre-
sent conditions where the indicated. mass flowing into the system is being
a	 O ally vaporized at the associated pressure and corresponding vapori-
zation temperature and expelled through a specified throat. When puddling
occurs, all of the mass flowing into a system is not being vaporized and ex-
pelled and it therefore does not contribute to the chamber pressure. Points
corresponding to these conditions will fall to the right of the "vapor pressure"
curve. When superheating of the vapor occurs, the chamber pressure cor-
responding to a given mass flow rate increases. Data points representative
of these conditions fall to the left of the vapor pressure curve. Information
T lotted on Fig. 40 shows that only data from Run 5 Test 12 falls on or to the
.	 left of the vapor pressure curve.
The plot of characteristic velocity efficiency, Y7 
c*
, as a function of
measured mass-flow-rate into the test model, Fig. 41, verifies the results
discussed above. The highest value of 
nc* 
occurs for slightly superheated
t	 flow of Test 12, Run 5. As mass -flow-rate is increased and min begins to
exceed moue, nc* decreases. Thus, 17c*, which is normally used to indicate
Ithe efficiency of the combustion process, can be used in this case as an indi-
cator of mass conservation in the test model.
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Figure 42 shows a thrust vs time curve for Test 14, Run 2, that is
typical of the tests conducted in this program. Total impulse for the model
obtained by summing the area under the carve for t = 0 to 100 sec is 3.79
lb-sec. Dividing this value by total mass that left the system during that
time interval yields an Isp * = 60.5 lbf - sec/lb m . The average value for the
measured total temperature for this run was 590 0R, which when applied to
Eq. (2.25) yields a value of I sr* = 59.5 lb f - sec/lb m . The error incurred
by using the approximate relations for calculating I sp* is thus quite small
over the time span considered.
The results of the performance analysis conducted on this system em-
phasize the necessity of maximizing the heat transfer to fluid. Selection of
a particular full-scale motor for application of the inert fluid injection velo-
city trim system fixes certain of the parameters (such as internal surface
temperature, available heat stored in the motor case and the motor geometry)
that affect the performance of the trim system. The distribution of the inert
fluid then assumes a paramount importance in maximizing the effective area
over which the heat transfer process occurs. Likewise, the choice of an
optimum fluid will also aid in maximizing the heat transfer process. The
ultimate goal of the maximization process is to generate vapor in the motor
chamber.
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CONCLUSIONS
As a result of the analytical and experimental tasks completed, the
following conclusions were reached.
• The concept of trimming the velocity of an orbital vehicle by
producing a usable level of propulsive work by the recovery
of the resir::b,al heat stored in a spent solid rocket motor is
feasible provided that sufficient heat is available and the trim
velocity required is low.
• A limit on mass flow rate exists for a specified level of avail-
able heat above which mass accumulation occurs in the model
chamber and system performance deteriorates.
• Analytical techniques used in constructing the mathematical
thermal model are valid. Experimental temperature-time
measurements were matched analytically within the specified
+ZO O K band. The heat transfer coefficients obtained in this
analysis canbe scaled forapplication to a prcto_type motor.
• A criterion for the selection of an inert fluid was developed
which utilized the maximization of the installed specific im-
pulse when a specific vehicle payload is not known.: Maximi-
zation of the imparted velocity differential can be used when
payload information is known.
• Using a 70 0F reference temperature, it was determined that
approximately 33,000.0 Btu are available in the prototype motor
case for conversion into propulsion energy. Based on an average
heat of formation of water, Ah = 1100 Btu, approximately thirty
pounds of water can be vaporized.
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Table 1
THERMAL PROPERTIES OF MATERWtl,S USED IN CONSTRUCTION
OF' SUBSCALE SPHERICAL AND CYLINDRICAL TEST MODELS
9
Temperature
( 0R)
k
/hr-ft(Btu 0R)
CF`
	 0(Btu/lbm R) P 3(lbnn/ft )
GLASS CLO'eH
0.0 0.183 0.2 109.25
1000.0 0.183 0.2 109.25
2000.0 0.183 0.2 109.25
4000.0 0.183 0.2 109.25
304 STAINLESS STEEL
0.0 7.539 0.114 496.0
200.0 0.124
400.0 9.795 0.128 496.0
600.0 0.133
800.0 12.121 0.139 49,6.0
1200.0 14.285 0.15 496.0
1600.0 16.438 0.162 496.0
2000:-0- 18.461 _  0.174 496.0
GRAPH-I-TITE G-90
0.0 108.433 0.125 119.25
500.0 72.000 0.32
1000.0 50.526 0.39 119.25
1500.0 37.815
2000.0 30.874 0.46 119.25
3000.0 24.390 0.49
4000.0 21.552 0.51 119.25
316 STAINLESS STEEL
0.0 7.377 0.104 497.5
400.0 9.137 0.126 497.5
800.0 10.942 0.136 497.5
1200.0 12.609 I	 0.141 497.5
1600.0 14.257 I	 0.156 497.5
2000.0 15.824 0.18 497.5
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Table 2
THERMAL PROPERTIES OF MATERIALS USED IN THERMAL
MODEL OF TE-364-3 PROTOTYPE MOTOR
Tem eraturegR
k	 o(Btu/hrR)-ft- P oI(Btu/bw R)
P	 3(lbm/ft )
CARBON CLOTH
0.0 0.150 0.22 7?.4
5.00.0 0.3
s	 0.0 0.345
1000.0 0.150 - 0.385 73.4
1750.0 0.46
2000.0 0.150 73.4
2500.0 0.505
3000.0 0.525
4000.0 0.150 0.555 73.4
6000.0 0.150 0.59 73.4
ASBESTOS
0.0 U.lLo 0.34 70.5
500.0 0.32
1000.0" 0.110 03 70.5
2000.0 0.110 0.3 70.5
4000.0 0.110 0.3 70.5
6000.0 0.110 0.3 70.5
GLASS CLOTH.
0.0 0.274 0.22 92.4
250.0 0.236
500.0 0.193 0.3 92.4
750.0 0.150 0.345
1000.0 0.150 0.385 92.4
1500.0 84.4
1700.0 0.46
2000.0 0.150 77.6
2500.0 0.505 75.0
3000.0 0.525 73.8
4000.0 0.150 0.555 73.4
6000.0 0.150 0.59 73.4
a
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Table 2 (Continued)
1
Temperature
1(Btu/hr-ft-OR)!xri
k C P(lb	 /ft3)	
I
(OR) °R)(Btu-lb m
GRAPH- I- TITS
0.0 108.433 0.125 119.25
500.0 72.000 0.32
1000.0 50.174 0.39
1500.0 37.815
2000.0 30.874 0.46
2500.0 119.25
3000.0 24.390 0.49
4000.0 21.582 0.51
5000 19.780 0.53 119.25
ALUMINUM
0.0 90.680 0.1925 174.0
100.0 96.774 0.1925
200.0 101.694 0.214
300.0 104.651
400.0 105.882 0.229
.00.0 104.499 174.0
600.0 -°101.694 0.2505
800.0 96.774 0.28
1000.0 92.189 0.3185 174.0
STAINLESS STEEL
0.0 21.991 0.114 490.0
500.0 21.991
1000.0 21.991
1500.0 0.114 490.0
2000.0 21.991
3000.0 21.991 0.114 490.0
GENGARD
0.0 0.049 0.42 70.0
1000.0 0.049 70.0
2000.0 0.049
3000.0 0.42
4000.0 0.049
6000.0 0.049 0.42 70.0
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Table 3
CHARACTERISTICS OF EXAMPLE MOTOR AND FLUID
USED IN THE PARAMETRIC STUDY
External Surface Area of Motor 	 986.0 in
Mass of Motor 15.0 lbm
Average Heat Capacity of the Motor Case 0.18 Btu/lb m-OR
Throat Area of Motor Nozzle 0.5278 in 
Internal Surface of Motor Subject to
2Convective Heat Transfer 100.54 in
Area Ratio of Motor Nozzle 39.1
Total Inert Fluid Injector Area 0.785 x 10 -4
 in2
Heat Capacity of the Inert Fluid, Liquid Phase 1.0 Btu/lbm_0R
Heat Capacity of the Inert Fluie,	 vapor Phase 0.48 Btu/lb m-oR
Isentsopic Exponent, Gamma, for Vapor Phase 1.32
Heat of Vaporization for the Inert Fluid 1000.0 Btu/lbm
Molecular Weight of the Inert Fluid 18.0
Initial Temperature of the Inert Fluid 5300R
Example motor used in parametric study has characteristics
similar to the spherical experimental motor.
Table 4
VALUES OF PARAMETERS USED TO REDUCE EXPERIMENTAL DATA
Gamma	 'Y = 1.32
Molecular Weight
	 M 18.0
Thrust Coefficient C  = 1.0
52I
Table 5
SUMMARY OF TEST RUNS
Test
Number
Run
Number
Burner
on Time
(sec)
H2O
on Time(sec)
Number of
Injectors InjectorNozzle Diam.
(in.)
Injector
Nozzle
AP(psig)
A 1
1 1 210 300 4 .004 20.0
1 2 210 300 4 .004 20.0
2 1 210 210 4 .004 30.0
3 1 210 120 4 .004 25.0
4 1 210 90 4T .006
5 1 210 120 4 .006 20.0
6 1 210 180 .006 30.0
7 1 210 120 ? (':	 .006 20.0
8 1 210 120 .006 30.0
9 1 210 120 ,	 2 .006 10.0
9A i 60 2 .006
9A 2 60 2 .006 10.0
9A 3 60 2 .006
9A - 4
-
60 2 .006 10.0
10 1 120 2 .006 ° 20.0
10 2 120 2 .006 30.0
11 1 210 120 2 .006 20.0
11 2 240 120 2 .006 30.0
11 3 240 120 2 .006 30.0
11 4 240 120 2 .006 40.0
12 1 240 1	 120 2 .006 20.0
12 2 240 120 2 .006 30.0
12 3 240 1.20 2 .006 40.0
12 4 240 120 2 .006 40.0
12 5 240 120 2 .006 10.0
12 6 240 120 2 .006 20.0
13 1 i	 120 2 .006 10.0
13 2 I	 120 2 .006 10.0
i	 13 3 120 2 .006 10.0
13 4 120 2 .006 10.0
14 1 240 j	 120 2 .006 9.5
14 2 240 120 2 .006 9.5
I	
14 3 720 120 2 .006 5.0
14 4 720 120 2 .006 5.0
14 5 720 120 2 .006 5.0
14 6 420 120 2 .006 13.0
-	 1
Table 6
FINAL HEAT TRANSFER COEFFICIENTS USED IN THERMAL ANALYSIS.
OF SPHERICAL SUBSCALE TEST MOTOR
Temperature
Heat Transfer Coeffictent (Btu/hr-ft2-oR)
(0R) Inner Nozzle Aft Forward Infector - Nozzle ThroatNozzle Exit 1 Shell Shell Exit 2
0.0 3.918 2149.253 0.936 8.834
50.0 7.679 11.494 11.494
75.0 6.674 9.917 9.917
100.0 6.141 3.260 8.771 8.771 0.771 7.200
200.0 5.039 2.761 6.711 6.711 0.646 6.122
300.0 4.417 2.395 5.791 5.791 0.558 5.329
i	 400.0 4.114 2.097 5.281 5.281 2149.253 0.494 4.727
600.0 3.618 1.703 4.669 4.669 0.405 3.p-31
800.0 3.463 1.438 4.237 4.237 2149.253 0.342 3.225
1200.0 3.269 1.091 3.773 3.773 2149.253 0.259 2.447
Table 7
HEAT TRANSFER COEFFICIENT MULTIPLICATION FACTORS
Location	 Multiplication Factor
Injector 1
Forward Shell 5/6
Aft Shell 5/6
Embedded Nozzle Inner Cone 4/5
Nozzle Throat 1
Embedded Exit: Nozzle 2/3
Aft Exit Nozzle 1/2
Table 8
AVAILABLE RESIDUAL HEAT AND HEAT TRANSFER RATES
TO THE FLUID FOR THE SPHERICAL. EXPERIMENTAL
TEST MODEL (TEST 5 RUN 1)
Time
(sec)
Residual Heat.
(Btu)
Heat Transfer Rate
(Btu sec)
0 965.1 0.94
30 921.0 0.84
60 885.2 0.80
i00 838.1 0.75
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Fig. 2 - Predicted Heat Available in the Example Motor as a Function of Time
and Mass Flow Rate of the Water (initial average motor temperature,
TCI= 1000 0R, SFF 0.1)
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I
1All di.nensions are
in inches
• T/C Typ 4 equally spaced - 8
• T/C Typ 2 equally spaced - 44
Total-Gas Temp. Probe - 3
P,~essure Probes 	 - 2
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Total Temperature
Probe (Typ)^^
8.0
Inserts Graph-I•
G-90
Pressure
Probe and
Impact
Temperature
Probe
5.0 diarn.
f17 deg J	 —
0.06
8.520 id. (Case)
Pressure Port (Typ) I	 Case 1/8-thick 316 Cres Stainless Steel
NOTE: All liner material is
Hi-Silica glass cloth
Fig. 4 - Basic Dimem: ioi s of .Spherical Subscale Motor
Used in Experimental Test
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Fig. 10 - Injector/Burner System Showing Injector Details
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Vacuum Valk e(Typical)
Two Valve Mode
.	 , Burner
Fluid I,_,_____
Insulate
Section
Operation Sequence
1. Evacuate Vacuum Chamber (valve (D closed)
2. Ignite Burner - heat motor to specified temperature
at given location (valve ` 1 open)
3. Extinguish Burner (cicsa valve (D)
4. Open Valve @ , Evacuate Motor
5. Inject Water
b. Record Necessary Data
Fig. 20 - Two Valve Mode Experimental Hardware Configuration
'.75
L.
tj c
...
........
lit
14
0
14
jq.
14
LLL
i
14
0
0
I	 Ell	
7^4
I_A I
; 1 A	 1. t-t-
.... ..
It 
_#^	 In.
iL
'IT
1*4 V
it	 I	 IT -
-j44+ 4,
T ^4,
H' J±t CD
'k,±±!Ft,	 -I It
itif	 Tilt	 H -T f-	 1+	 W
I j j !	 1Y- L-}.4 : :F,+ I
4arl)
I
U
u
74'
w ; 	4 T411	 +4
,4+r, _4—'_^I - 4+i
m
._r
A	
TiN-J 	 ;
I	
4 1- i 4 _1FT T
Hl
7 7
t -ff
y'1 1	 1
A
-j j	 1. L. T_'
I
CD
in	 m	 N ri
Eo ) 9jn3vx9dtu9,L Njnq
- , 76
'o
di	 N
$4
U
Q
tw 0
N	 II
4j
4j
Cd
0
4J Z
0 U
0 q.
U
4
0 0
0 0
Ce
14
EO
0
0
0
0 u
0
cd
co	 I
N
bo
ra
0
P	 O
"
m
0
i0
u
n	 ^
0
m
^ m
N G NNO
e z ,_
z "ot N
u
m^
d b "u
,V.	 a
^ A b
m rn ^
O
D	 •F z
o
y u
a E.
" 3mo
4 'O
d
" 0VU
bF
" 0
y	 Ha
NN
m
W
M
0
r
t I ^	 ^ u	 tr s	 r . ^ !	 t^^ t	 t	 ^ .
a	
a	
;r
c
I mlT4	 la-
rE
>C	
_
^; rt i. i	 ;t	 I	 i	 t
Lou
t	 Till,
c
n
t	 f x ..r.	 - 
r i i .i tt:
	
t	
1
! .	 r	 r	 !	 ..ot is i	 .1
!	 1	 I	 1	 ^	 tt	 ^.
	
l	 '	 -	 1 r III
i
1.
a	 a*:	 '	 t
1
d
`77m T
	
c	 q
1-4
am
	
1	 ^^	 O	 m a F	 d
"	 N
"^	 w m
!'	 t	 r ^•	 ^O d m d m" ro
	
m
oh o"p S	 W a S UUy	 A e o	 m
!.'	 r	 I	 ^	 i	 I	 i^^ 0. ^ i	
`'COO —
I I	
ISS W	
a
!	
-
O	 O	 O	 O	 O	 oO	 O	 O	 O	 O	 O
P	 N	 O	 a0	 .O	 T
P
O	 O 'O
N
i
	 ( 3m ) aan7Eaadway llnH
e'
r.
	
77
i.(i
— 1 FO
;;
^-
'^ ^,^i;	 I„i ii it t l t' l ist ,i	 ;ti t t .i	 f I Ntl r	 ;: o, •
td
i t il
^ i 1	 it mil l I	 ii	 i^ l i	 !^	 1i ' i	 r'i^ Il ii il^^ !^^I i! I ' I ii ^	 }(	 Hl.r
i^^ I
ova
1
,^ ' 't c t	 I't l ', „ . !	 i ,	 I	 ,!	 ;^	 ;^	 ; i,,; ;,^: I^ t , i l 'r( .} I t j 11 ^
	
^
uW
Cd
—
_
i^
w,,
it" tob
r.
—_^_:e
UN m
t
__ i-
a'cj^ _, :-
y	 L	 _
(. f	 ^t1
cc
0	 0	 0	 o co o
ell
10	 N	 er	 M	 N
(3 0	 du) aml-eaaaal, xTng
28
w
O
a^
c
as$.
N
Ud
to
to
r-
L1p	 II
d Yb y
CD	 ^.
.	 ay
ti m
to	 `^U -,
W O ^~
14	 V
0
Q N M
U	 y
y
so+	 to
to
ay	
>~
Y
`^ H
^ 3U m O
^ ^ o
^v
dr.p O
^Q4 (d
G 'Q
U ^
H 0.
I
N
OB
t^l
,1'..I
	 t	 1 L	 i
]
t	 ^l1
+
11 j:
^I,	 1	 1	 1
.Ill L: 'i:e	 Jt11 '...
w.'Tt lr.e J-
ai
dtt 1 ^ t
1 1	 ..
>r.
0 t
1 1 
j w
j I :
7
\
44 OF—
J	 I	 r l r' 1 . ^1
TrI
« ;ni d
I. H
LPL	 1	 ..1.I t ti. r f t	 I ^O . 1=I
^•
li	
^^.^1 t..lI.I. :. I1.. 1'I!	 a..+ a
it rlit	 11 1:	 WI:	 'L
k
u !
Lit c
z
e^	 a
[1	 I Aij Ir ^t.	 ' 1. i Yz	 0UN
O	 Y	 Y N. t Iri
7	 ro	 c	 Y t, i	 I I 11	 T p	 r
k 3	 > a	 YY c	 ro^^1 tr JJa ll. t- i	 rc	
„ t 	 ^
N ♦U+
'C	 Y	 x@	 'w	 Y Z iL Ij1	 :.	 1	 I; _	 1	 L	 j	 1;1,  roM	 Y e	 Y	 y
r.	 5 u ra	 S u Yl
i 1 t 1
1 L, I t	 I in V1 .1J 1	 ..
2
II .. w^
r
FU pO
w LL ..0p
^	
G
I
p U Yi L	
v
1	 !h. 1 ISed	 1..	 ,.. O. ro
U
u.
j!—
. ro
E~ a
I a•>i
v
'-' N
1N N..> ro
rd
,1 ^...'.. rZ.
r a
I
-9 9 o m
w	
E 7 7 tk
,
I-
I ..
010 0	 _o 0 0 0 0C
V' N	 O a0 v- N
(3 O ) aanyeaadwal K1nB
79
_--
1.- .
	;T s, ,t
IF
i
I':	 411	 ^^,i	 I	 !11' t I I	 Ill1
1.
I	 I l l r
I
it r	
fl,
I.^. I i
,I
1 1 . I I I ; I ;	 '	 ' ,;Iill 00.I 'I
V I II	 iI	 I I I
I ^. _ I	 :Ili
I,li
^;II
I	
I	 I;li
'!I;	 II. 11 ' 1	 I I	 III	 i I I II	 I! II III. 'ti
1 ^ I I !I^;i ^	 II II I 	 Illi
I
^ 1	 il l l .Iii	 III;
' ' lill ll
L III l 11	 I_ I IL' it {il,;
I
O
Hil H ill 1111
I^EiI;Hl, Itil 11 1 i1'
tW11
II I - 11 J,: ;}j:
h
I ... 11'	 11 1	 I ti	 I -i- r	 -I	 r	 ^"
w
I
.1
^O
i	 ' -' } I'	
1
';11,	 I	 ;
I	 1 .
41:1:	 'tl
_	 _I1-	 t	 f ., QIa
I	
I
.	 I
I1 ,
'	 I 11 Ij:	 ,I L I II'	 ftl(.. 1 	I [111 : I :li	 1	 I•	 ^I	 I'	 ]	 +^	 JJ ^ •'~W '	 I!,I1111..
.	 1 111 !, t 1.	 I. iif II 	t II	 :_;,	 C	 1	 {j..hl { O
II I llr I I`	 1
II	 I.	
^ I t	 ^^.^{ ^" ^	 Itll' n1i
III,
I	 !I	 , I
i..l	 { li ll	 I I	 +IlI	 ' ' I {	 I^:. ^ i	 -i	 3
I	 ':i ' I I '	 i ii^	 -i l l	 III-1 I	 ?•1I ' 1 {	 ', -^!f
-	 I
i t IIII^
l	 i	 I	 i i 1
	
1-1.	 hI.	 1^ ^ i	 l l itL I
'i'
1
;	 ii	 1, 1	 { {I;...	 it	 t[	 11L{
7
I
;;	 I ;'li	 I	 I II'l	 III I	 1 o
Tv
O i l
1	 I ^ 1 11 1 I	 1 1'Ij
1 I ^}^ ^'--'	 { } 11111.It.-I j	 it , hf"^'-I I"[-L^ IrI'rfAJ.
I	 1 1  iiI II li_I , 	1
	
11
yll	 t
_IIJ-	 f	 J..1--_u	 _ _ ^- 1	 I
'±i i'1+..
.:ir
^.1,	 1
-'1,11If
i,_.f	 I, I '1 '_ 1 ^) J	 -_-J:{T	 hIT
lr.	 {,y. _..}:_^
i - .1 ' J.y _^ ^{J { : 1 t	 ,	 11 N
1
^ ^:L Ti ^I ^ -
 
1
!ti
41 I _ 1_L Ir 1..,1	 -r .i 1 ^_J y t..j^ I ^ 1
' I 1 -r -- , r
.i
I i-
I	
j	 ?
^..
rT1	
_fi	
L
j Ia ^^^-r
^_' J'
I	 •..-
J
.J .__.,^ Y " ^r.--
L l to L._ 1_I.	 11	 I	 11	 1.	 tt l 1 r III'	 9L -'	 _-1	 :.	 I	 _ L 71
{j_
1. }'J +-, ,^-
.
rl i 1. iti-,`_	 ! .. { I.,-.	 I -L- ..^ ^. ...
1	
-_'	 t 1
11	 J L
i ^ ;l	 I	 '' j1	 '
1
{ll1-.	
'
1	
Ft— y r
_ L
]"1 '_rT
1
EEL
-Y .t
.
1{ - -1 I 1
L
1	
_I	 IL	 1 1 - :	 L I^-1.^.{_J !I ••
_-	 1
.. J.
I
:T	 1 ..^i	 .. .,.. 1	 :,. _.	 J_171fJ	 II -L_ ^ _ ^-^-i^ M. -4 y	 1.._L.
11	 L, I	 11.	 ^' '.	 ,
I..	 I.'	 P"I ^ I	 tI	 t	 I: .{ {I	 yL	 ^	 N	 ^ ^	
^
1 1111 _
i , ,i^ 4	 7	 °b M	 I.y ^lH ; i I-p-
Cd
I L,' L l i ` I '	 { O H by a^i.	 GQ	 O	
I'
P
5	 I y
.	 I .. 11—H.	 -Lit-•	 —'i N Pe ^. tat y
1 I
{``
A
O ^
o C
>4++^ U
Q ..
w
o
•3 na
^x
	
^^yy
	 N
U ^
	
m	 V
O N
8^D '^° O
4°
	
r.o	 N
to
d U ^
N ti
Y
	
0	 Qi
to
w
	
TM	 ^ N
J
5
Q
O	 k i.l
a-+
d° u
O H4
4 n
d
Q ^
NN If,
N
O	 d y
N
N
y O
H
cn
O	 IN
c	 c	 c
^a	 f+1	 N
(3a) aam;exadmaj, N-Ing
80'
wo
.s
r
O	 O	 O	 O	 O	 O	 OO	 O	 O	 O	 tOn	 N	 Oti	 .p	 u1	 C	 -
(a 0) aan;es.aduua.L KInR
O
x
d
M'
0
i
x
I
a	 G	 C
m .
	
w	 ^	 r.	 a
a•+ ^ ii;. ^c
r r
u.
^^	
v
ro	
^	
m	 m
;.a	 N	 d	 .7	 N
^.	 ..	 N	 a	 Nr	 ,^ _^ w
O	
z	
> O
	
z
C 41 ^y	 m	 m.	 .+	 m	 Y	 a	
.gy._
No
r^ ^ ^;a
	 I	
^X^aoo^:-
	
^$ o-5	 eui	 I	 I	 I
y -
-
__
—
._... ._ .— ... ... ._,	 ^ ._	 _a rte•	 ^	 W
m
d
'O N
N
O
z
E
ro
G
^
d
.o
0
0
0
0a
0
W
^3 y
m uy
O .'9
zo
r N
-0 :c
O w
a
w
N .^
m ro
... y u
ye r~ m
do
m bo
N
N
^m
.r
'O d
fq
c
yE
d
G .d
v ^
o	 ^
m
fs
WN^m
sm
'^ F
G	 ••
a 4pCL
wC
r
mm
Nb
MO
N
M v
a0m
aro
N
F4
M
,
,p
N
00
kl
81
r	
!n 	 M
i	 'Ill IiII	
I IIIiR
ibI 
I I 11
	
^l	 II !
 I l!1 	 ^^^ ^^ ! ' I	 I	
a	
.1
1	 1..	 A
I	 I	 tl	 I „	 .I	 I	 !	 !^II
^	 ^Illt^^ll	 i^^	 ^	 I;I	 ^	 I	 •1	 °	 1
1
	
^ I	 +	 J l!'
-1-H tHflt
1	 I	 II I I''I	 '!I	
!..: _j ,
	
F_Y_ T 	 I	 N	
,.f_C!.
	 O U
1	 1	 I	 I	 I I I L	 I j 	 1	 '' 114 Q)
.4	 !^ I ^1	 I !.	 11$	 O G
1	 ^.I.	 ,	 Ij	 ^	 l j^	 r_^ •NI !
	
Z } I II	 t I ::. t ^	 1 ^- _. ^^ "^^. `	 -	 -. ^	 , l^	
FY O
f ••!! Il l: l
i l.I' i l 	 } I '11 	 cot ,.,	 ,1	 = r te r	 3
11	 :.:t	 11 i \I.I I ^:. 1.r 1.1
	
T'- ^. .L :LiL'L.. .1	 ^1	 I__L4	 NI	 1 1 I I 1^	 ^	 h 1	 -^-i -_
	
b'1	 _ ^Y '
	N d
I	 1 I..
	 `	 1^1,	 w
' I l	 'i	 . i l I .!	 '^	 r_1.1.,.1+-:Yy	 ,1:r.	 CA	 Id ^
i t ^ I LLI	 1	 1_ I,	 1 .]	 I	 t	 r11 1	 M	 1 'I	 N	 V
^ ^^ L .i-I ^i.1 	I l l s
	 ^ t i l	 I l	 i	 1 -I	 ' I
	
Li -. -1,4-.: ^	 V	 ^r 1 -,_ °	 d
!It
	
it
O
1• • 	 	 r	
u	
,1^'^	 •
II
:I
	
	
:	 b0
! 11 	'	 ,	 ;111	 II	 II:.!	 I	 li	 '^^	 r!1!	 illy 	 N 
c+1
^I,	 III	 rnl	 ^r	 ,
RJ I	 1	 r1	 II	 ,1
	 I	 II	 !I	 I	 ^	
Ji_	
1	 {	 i	 .l	 I	 II ',I	
1,	
II ^1^	 A N	
1 ^7	 7,1 Ilr^	 I16	 ^	 Ei Q)
i	 1	
I j l! 1
• j, 1 1 1	 I :	 rl	 r-1	 1	 O 	 ^ j	 I	 1 .±i:l `' +'	 Q)
Lu. {I! I I^ ' Ii i +1	 I i.I ^'r	 )	 L '	 Y	 1	 cd '^	
YIl.(•I If' j j^-	
I
"	 °	 N
1 _ i ii' II
	
!Ii I ! I I•	 I`l}.	 .^. Tl	 N p V	
"4
	!Ii	 ^' 1 	 1 7 T^	 u H
l l I a.I I I I! !	 l	 1	 I'	 l i I-h I N	 fd	 N y Y W	 1 H-r 11!	 r I	 1 •.	 N ti
I'! I.	 i	 11' t	 i	 {t	 3 ci .a	 $"	 ii a'
	 r 'i 	 i-i 	 V141T 1	 14	 a)I,,^	 ,Lt,	 11	 ,I	 III	 tli	 ,	 i	 i	 Q^	
..	
_l j a 'i7	 'I	 +.1 ,	 1 
i l 
1	 {	 Ijy n' U	 O	 cd e Y	 t r f
	
t^ rt	 .-w txI I	 I	 l	 , 1i l	 , i	 --!^ 	 .+ ►^	 N	 Y	 +	 . 1	 1	 .t t^	 O	 N
	
^a	 oo a^ ro	 >~	 Y
I II II I , I, i i 1 1!	 ! 1 - I- I l{ -I-	 U V Q) wQ)yi	
U Y	 + 1 l r ^+ I L ''	 ° w	 ^i 111
l ! 1:!,	 I	 I	 -i-	 r^	 -	 y y	
.,y
	r y U .O	 ~ r
1	 ..	 1	 r	 ^ 1 I rF ^. r4'-' N	 '.j' Y ^" rl ^+	 ,	 r1	 _	 I ;.	 1	 U1
.r •1 Q) N fd Q) €4 N	 T !I	 -	 S4	 ..+ Q)I	 if	 I	 1	 tl -i i. I(.i	 L:r l	 1 1 1 11;- 11 	 Y
--
	
Y Y cd a w N' •Ci	 ^r-ih ^[T
wwwt	 C.G	 ^1+	 >~
,;	 p ,(s1	 t r	 _t-,ii,-	
""°	 ate"+ p,, N O V N -i ^T	
cdd ®
	 11	 .i ^~ ^ 3J.	 Y N N	 N U Y U! Li 1T I 1.	 a 17_._	 a
rn WO
to
, 1	 L { : 1 ' Fli = ' Q) cd cd cd 3 N C) N y Q)	 1-	 -r	 O
Ulw
•a	 ^	 '1 I u	 '"^ }^ Ili	 "	 ^ O
Y cd	 H- tl
	
^.	
Q)	 + 41 rc
	
a	
Sy' V Qa	 I	
r	 " i'. , r1}F}	 Q)	 ld	 11'; O	 A
'
	
	 ^I	
I	
,VQ)Y4 V a+	 s	 1
	
511 Ts U	 U a	 ^^
t	 I;	 i- ul^-I HiTC	 cc	 8	 5	 1 I^^	 a N
	
' y 	 ,	 i r	 °"t 	ry	 ' 1'	 N{ti-1" ^: PU	 pN,	 a	 l I i	 a O
1	 .! 1	 1	 I I,	 y ,.	 r	 U	 I	 F^1.
	 I. I	 1
	
-^-	 1. I	 1 n	 i-I
	
f^-N- 1
	 N 1' Ix"r u '	 ..--r	 j h	 . i	 1 r' 1 1 .. ^ ,	 1 ^-1	 1 I ti - F't
 I' 1	 n _ 'u'	 ^L '	 ^.	 I	 '	 bA
	
{	 •I.	 ^'^	
_	 I	 -I: ul	 ^f
--
1-
	M 	 N	 •+
	
-	 (d 0 ) aan;eaadmaj, NjnS
	
(:;	 82
NNO
z
b
N
00
0
	
^	 yO
y `"
O
3 u
N'
	
M	 N C
'Z, 0
-„x
O m
«
N
 G « rom u
k dF m
y ^; o
N u 6
N U
O mZ
CO U)
O
^E
d ^^
C w
CIS
p m a
Ca W Iri
F mv
o F+
	
I	
p d
M Q
toiS o
vow^
N ly •O
M d
U OD
aG s
G M
vw
EQ
m
	
+	 N
m
iw
a
.. .. µi
t.	 ,,;	 1.	 i ll	 t.^ i:. -1 ' '.^ t. r(. C t i ua.
k.	
':t,•-
u «. r 	 T',	 1	 + i'	 '	 1
I.	 ILI
ti	
1	 ^11+	
I'	 t1	 I	 {^	 •i1	 I' riL
d	
+
a yrr	 I	 i	 }	 tt
HEt`	 L	 2	 ,,	 [r
ip
X F 	 ,1	 t,T 
11
1y
	-. .
(.
	 l	 ;..,
Li	 L	
i..	 LL'	 I	 ;t II	
II - 
, r 	 I	 1'+.
:I
O
	
N
};	 oA -^
'Na 
Y N
	
W
...	
~' C N m W 0	 I
rl^^rorou
1	 I 	 it	 pp A w	 I.I^	 N d
	 U •^
"	
ro.
..	 . .
	 3l 
- 1.	 1	 1{K i_t	 i.	
.O+.UL' d	 G	 b	 'I	 1	 1 t,. to^
a	 ---	 I	 . i	 ', i'	 { 	 i	 li	 t i.	 a w m d	 p ,^.	 >.	 'All e•twQQO
do•,
M.ro +1 T	 I',	 + I
ro> O tOJ M«  C I	
IL
—	
w	
N	 —
Y	 U	 ^'	 COO
	
LI	 .i	 ^,	 ^,	 ILp.0 	 1	 1	 7	 ii	 m ro^ m ro	 i	
L
1	 gro w 	. I .	 ::,II 
7 0.	 1	 '.,	
'.	 i	 1	
i 
i	 y	 t -0	 N ro 4. 0 > 	
,II.I`	
_
I	 s,u	 r	 I.	 l^	 i
•.•	 ..	 t	 O d ro«
	
b
-	
00(d
a u
to
	 ^^	
j	 ': .1	 i	 ^•	 ro,lo!	 11	 1,	 1	 D	 3	 G N	 ^	 .i_
bmwse^
r
t	 ln	 1	 i	 t	 1	 t	
1'1.11	 1= 1z	 1.—.. '.	 -	 ;i
I.	 _	 C I
—vt
i	 t.^
	
v	 m	 o	 Ir
M1
I	 H	 u	 N
1	 j-.	 I	 t	 I—	 '	 j	 .	 3	 1	 x	 4	 0	 0 11I
- U	 w
1	 1
O	 O	 G	 G	 G	 a	 OIlr	 ^
	
i	 C'	 try	 N
l3 1 asn^esad^uay Kmg
83
Li 4	 j-+
4if
- 
t-K
:2111
M -W^ -4 t --- ---
IT 4D
124
IT 
1=^	 J-0 Z
-	
I - -I -:
	
IIII,\	 U
7171
r
!:Z,
V4
C; .04
4IIb
U
Xo41111
oy
bo
as
U E-1
Hldl I:- qr
L "Il
0	
-4I
,I $4	 (d
Q
14 [-4
04
u
14	
.94t7-
0
71-71,71; 00
14
0
14 04
77—
F
 -IF;4	 r
ro
(d	 T I
rd
P4
4i.
" L-IFFITI-1 A
U) I
0 En
%H 0
d	
0 Ito
Cd	 c 	 r4 cd a)
10 4J 	:-1 b y ;4 +A0- ED 4j	 t1d 4J
4)	 uCd	 Cd	 4J
cd
	
O	 cd(d	 N	 ra 41 Ito 4j
UCD	 CD
4J
4j	
4	 ni 
4J
id
19 rh	 X
Cd	 9
rd
a ;40	 cd	 0
0 tH	 ;4	 0 u4	 4J
4	
P,j	 u0 w	 q)
CD 4) 41)	 V4 E o
M	
rq
:3N M ;4 (1) P bo
cd (d (d	
a' '
(' 4)
	
^>	 114 ;4>	 U 4J	 4-4	 k
ul
$4
M
U
cd
rdU
C%3
(do) a.IftuaL Xrnq
U)
4
0
>
$4
i c4
14	 COk
LQ
00 N
1) 0
Gy 17 * z
L Hl ii 17,
O
84
IIII I: 11 1. fi ll fillMi	 Ill!it	
iiiiki!1	 1:
ti!
1:;;
t
"
H T	 oi!^ ;.l
LE	 -- ----	 1P l" , t
Tilt "T Mt MMI	
1:1.1 t
f'ri t t 9 M
R. , a
u
4 1t:b -
.	
_tar.4
i44
TE 
I 
zt,"'
UH
11 Iry	 id	 if
Xu	 .	 -	 m!:1 0 .0.
alto a
41	
11 -1 TIT	 rd w
>	 'd
IdI	 Al'	 mI	 m
l 4 - l l
C3	 C:	 ...
>
.0
11 1
	 [I it 1
111'4
Nl* 	 44 w	 ir: Oj irl'- FI
I	 ti
.
H11	 tit	 t4 1.	 1	 tit-, --	 J::'ji	
1	
11 i
-'d -0 0 ow
.:	 !wo.
LI	 0
:3 +	 vq	
wi. 1 t It'. Z
Id	 LP jj	 E	 Id	 fd
r N 0
4W
  Lt	 1; it	 F	 M
'd	 F	
"d	 0w	 Tit;	 1:t i t
U	 it,	
it!
i4rt	 U; 1	 u111	 tit	 t
it ,	 ^:j	 I j !^!	 ij^i
It I:
1,j -	 i t::	 I I!,!
-Itto
t:	 a 1:: 1
®RC) 0
' 01 : ­ :D.
nji-Iri ^r-!
II
D
Z
to
00
O
u
0
z
u
cz	 bC: CL
r0
.00
H
Cd
w 0
z
(3
o 
) aintiRaodwai King
85
=	 .
A
144
0) °
ho N ^D
r-4 +^
' 
b
d
d .,
^u++aw
•G ^ CL},, U C
^ ^ J
is
,	 <
^I	 li^^	 I	 I	 ^	 1	
^	
i
l
ll
!	 I	 +	 Or	 ±f
III	 L i j	 IIII	 !i	 li.
	
1}I	 1--
Ir:	 -II	 i,	 I	 I ^^
L i i , 4 Irt ^' E ' :1 i' :t jf	 W
o w 1	 . I-	 T	 I-
_ ' N Enq	 ^
.'	 ,
J1 L , L 	 rj
l
,i^'	 Il4	 r .i
N
ii
G
9
A
N	 ::	 , r	 r1	 1	 ,11
.°a
° C
w
4JI I	 ,; 401 717 ^1^U w MM ,	 -..,	
^Ij^-	 '.,	 I,	 1,-.IIIcd O	 o	 1:
_. O
L tiX
N O M mi:
° o
a~+ En
M	 III,
N N U
-I^'^
I(
11	 f.(fir	 i	 ,1II
I
Iii(d	 N +-'	 Si"
I ^:
t	 a,	 '	 1
I I r1 -
C	 00	 0
'^M	 M
^^ o
o^a0
^qq
L.
i
asrzr:. f-c..t.: u. ttlu, r , " , I
ELL
I,	 i	 i	 t	 ,	 l i	 11 11 	I!(Cd,
`	 tJ°4
'	 i il,(	 III	
I'	 I	 1 ^ illl	 1 1 1 ..^ N fd	 U N -i y N	 II	 'l l 	;'i
	
N	 w	 I^	 II, 'il ll
	
"^ y ' ^	 ;-ill	 ^ II I ^ (: I^	 I v •i"
 ^ ^ ^ E'' ^^ ^	 li	 !1 Lii1
m o	 d	 ! f	
^d3,	
v. 
	
+' b	 I	 I I	 11 I	 1 1.	 I	 yu DC 00 4)17 	 .G 4
N
	
, I y ° O +.+
	
' I
	
' .i I I IIL,. I! 1 ! 	N	
w d ^ W
	
^'C4	 i!	 1i	 I I	 d	 N	 Nvd''
	
H it1 II ^^ 
N t7 9y 0.0
i y O j	 N 
	 > w 
'0 x y p, U .N+
0.44 Q) L 	 rn
Cd
	
'TN 	 N . 	0N ,d a'+ R'tai^
I_,
Et TO'l
w	 ^^, F°,	 _ 1	 a
0
i
	
M 14	 N bD,
to
MI
	^'b •rr N	 CO .:, ii'i
	
.}	 ^^-,
	
r	
._.__ __..
	 .....(1^11_,J i{{I
I'll
CID
Q
-^ Nd N
N t°^d rn
-wcia^a!
.u,
.I
t
H{ !ull'!I^,IIII ! .Il 11 fll li'!I
(do) aan4-ez9dTu9,L 41ng
a
,
0
j	 o O
O Y
N U
o
4J
.3x
N
N 4
U
U
	
bb
	
N
	
V 
ro	 00
C
a+ O
Vl .-^
b H
	
r	
`^ FV v
	
U	 (fja
u•
	
° 
	 4J
	
N `•$4	 ai
	
N	
k 
+^
	
m	
$4
r.w
C
	
d° U
	 ° d
$4
Ao
& C
^)
N d
Q b0
G	 y $4
$
.c	
N,
H N
a
N
v o
H 3
M
40
W
r
i
86
m
v
O	 O	 O	 O	 O	 O	 O
.O	 1On	 V' -	 10+1	 N	
O
{g0 ) a m eradway )ling
_
r: t (i I tl Lli	 ,t^
x
O
i	 lr
H r r.'.1 tilMi14
'LS:.	 .'_,	 ,.i
L	
;a	 i... Li ^e 14 q	 IL	M!'
`
4 ti ..
iC ' h
•_s	
. ci t:< f' -1 , l I M	 fttr : ,.i.y
__
^
r _ 	 1' ,._ .i! µi'.1.  1 1"
^i'.	 :. 1I	 I.1
..
'L	
^tt	
I
^ L	 T
t
.r
np
u	 L.'	 +1 	1 1 	 ;I	 +.	 i t
0^Mao
v E0rem:0
Od 9 	 rouw	 re P wCI	 ^;
i ....:
	 I	 I	 1
w w	 v
:^	 y	 d	 m	 w	 ^1,	 , I	 j1 llii11	 '	 rr l	:/
't .l ,i., _	 w
11.:	
^Y	
11.Y mro	 N	 1i`;
Y	 d^	 I	 L 1m'^ ^I , :
I	 I	 :'1	 ,
:i	 11:
re Nis w E	
fI
_—% , IL	 ^j' I 	t	 ItI... ' { r	 .`. ^7^' O
	 O	 u	 li	 , t	 l Y	 isail
re^vre
__ ii ^.t	 i
_.1,.
FF'
^.1:	 4 '	 4	 ^. I!. ^ 	 ,If C N m N d .r: 7t { . d w g i d
'
I
1_...I
,.t; i^?
I	 ';	 I	 ! ti
it	
4:. 
o . awi ro ^^ i + 	 a a r .,. ,:!`
v	 O m 11 11	
IT	 :
w ,G
1 , A!..
All
i	 , It; : I ,, =	 I I	 y l ti ' 	^:	 C	 Q L u,1 1	 U ^;
I 1 1 ,	 I	 Im .Ot om L I	 l	 U^	 w	 .^	 w	 mai
e..	
N
tl	 t.
n
zy ^,
mmy N N^.^ W
wu E
0o	 D w
.01 1	 A	 •^	 W	 Yi	 r1	 m	 w:.	 C	 m	 IE	 Y
!	 ,,	 Y	 ro	 X	 Y	 re
,	 F-	
-	 o	 U	 W	 wsi
1
1_
;
_..'
It
1	 I ' I
I,	 f
I	 1,
111
"10d
a
J ,	 1	 ^...	
1	 ..	
p	 E
f fI.
 
t il l. t..7	 Q
l	 f
^^.^^ ,
 ,. _	 V	 N a O
_---^'^ ,	 1	 L t_ ,
ji	 ii
In
1	 111
	
G	 N
NO
z
ro
	
n	
La
C
O
O
O
M
	
^	 O
3u
M N G
NO
rox
0.1
^ro
G
y
7C	 F: mCl
v
too
N	 V ..1
0 m
Z
	
v
no	 E
ai Gv^
v Ee
. a
c aso S Wv;
Y
G ^
pE
0
0 M
.0 ro
tw
V
w Q
0
v
v
wo
0 0'
Y ro
	
N	
M tw
C
aroM
Fd
,
	
M	 N
	
1	 M
bD
{Ti
O 1
87
_	
_.—	 c xa. t	 5	 ake^' s'
'	 "	 I I I 	1i	 I	 I lli	 iI	 ilil	
^1) ,
	1	 I,	 1,	 Go
' I ,	 ,I	 1:1
	 i	 ^	 11 i	 .1	 i	 illi
	 i'	 ' ^ 1	 I	 I.	 '^	 I	 I II	 I'I	 ^^1'
.^ i^, ll 	1.	 1 1	 ^1	 I	 I	 ,	 I1	 ^I	 1	 I	 1	 1	 I^
^I	 I	 I1,	
I	 1	 i	 1,11	 '	 1111	 "	 II	 'i	 i	 1I	 ^	 11	 1	 II	 I
I	 I I 	 I l il	 l il	 ''1	
^L1	 IIII
	 Ili
	
I
f il	 ,	 !	 I	 II	
III	 IIIi	 !II	 IJ	 1	 't l l	 1	 it	 I	 1	 :^1 1, 1	 1	 1
i	 ^	 i^}	 '	 ELI	 1^	 i^l	 ^' I ^	 ^^}	 ^11^	 ili	 it^l	 lllll^l	 itii	 i ' li	 L
1 1	 ,	 ili
	
i11	 I h	 ^,(	 I	 r	 111-1-.	 I	 ;;	 ;. i.
1	 ,	 r	 i	 1.	 ' I	 l;^',	
.-.	 L	 L,t(
I	 1	 I1.	 I ^rl-^!I	 h.	 .. LT	 ^	 ^	 {
All1
'i t	 i+	
11,}	
:II '1 	;	 1 1 Fl- a	 I	 tI	 ^.I 
j	 I(	 I} I(	 I	 ! I I	 1	 I	 t•	 I	 J	 I"i	
-1-F	 b
.I	 , ..I	 111	 t 	 1	 1r	 ,i	 1	 r_ 	 >wl i	 1	 ,..,	 I11	 ^;il	
1	
,	
1i-	 }	 MI I
	 I	 L ,^ ta. 	 m	 —1	 -
;j it	 W1,	 1„.	 ^;i	 Iili	 11	
I;11	 1.1^	
I^i: :1 	 p
, i	 til
	 1'	 {^	 'ii'•
it
	
I”	 Ili	
• ^i l	 II1	 It	 ^+ N
I	
u'	 y	 I
I	 ,	 I
1'	 } 1ii
—.	 ;iI	 ,	 •,	
1	 Vii.-:I	 ^II	 11 1 	 1'I t 	11
iill	 ,11'	 II	 1	
i	
I(	 I	 '	 11	 I	 1	 _ i	 1 :71	 hl'I	 1,1	 '	 '	 1.11	 11	 ,r	 I	 .!i
.	 r	 !	 I	 I	 -
^	 ^	 I	 ,	 '	 L'_I
	
I	 I	 ,	 -1.1-'Lt i	 1}:..	 1	 ''	 ^1	 1	 4.i11	 1-	 JI	 '	 ,i	 1	 I;	 j	 1	 11	 1	 1	 ^	 I}	 ^;	 IJ	 1 1	 ,:	 tJr.,# L i t!
II	 ills	 i,.I	 It 'I 	 i^•I.	 111(	 tt'	 f.	 f	 I	 ^.	 1J	 ^-	 :	 a	 "	 i	 !1	 +	 ll{.	 _}^	 r,,	 rt	 I	 .-	 ,t,.I	 )	 1	 1.	 1	 ^-	 !L _	 L,	 111 i	 1-t	 •	 +	 I	 l r 	 r, FII	 I;	 ii^I	 I iII	 1 1	 I;!	 111	 :,.I ^,	 I	 ^I	
t i
1 	 	 -^	 ^^`^^	 ,r^ -^'	 ;1-t. J,
11.11	
^F ^^^'	 T
1.
I	 '	 In	 li	 ,I	 1	 .11	 I	 1	 ,	 I--,.	 it{r	 11—	 ,	 -r	 i--f	 yI	 1 I. ,	 t,	 ^	 ,	 ^ _!_.J1 ^`l..-t 	 f+l- I I+^ ^^^'11^ 	 	 i'I	 "J-I- _iJr ,	 L	 v 4
1	 Illi'	 '	 1	 I^1	 I^j	 ,'.'.1	 ti	 it,1}	 l	 ^,	 L	 lrl	 _+	 l	 11	 1'li	 J	 J	 4-y!LI.II	 (	 it	 ilr l 	1	 I	 t	 4	 1	 ^;'	 j	 I:	 il l 	 1	 {: -,	 ,t	 f.	 i	 -	 J	 f-1.a'
,l 	 I 1 1	 11}
i	
,	 1
1	 I	 ,	 ,I	 11	 1. 1 	 I ,	 'i.L	 I I	 Ll.	 f^^	 ^i l ^1	 l L	 ^	 ^ 1	 IJ`	 1	 li	 L	 ^^''I	 '	 1.1	 !_^	 B,	 , IFV	 1	 I	 1 1-	 {	 ...1	 tli
I'	 t	 1}	 ':.1	 1	 }	 li 14	 !Ji-,	 1	 li:	 -t ll	 1i_,-L.{^-	 Ct14 rJ'	 r	 •1. -
L	 I; 1 	rlt	 11`	 ,	 II J! 	 t'	 z	 r;	 t	 _
,	 rr-	 ill
i."	 I	 I	 '	I '	 1	 I	 nl	 ,	 iii.	
1	 r	 ,	 ..	 I1	 T'	
..:.
y '
	i	 f	 rt	 ^I l,^	 t J7	 1	 ^f	 F Ij	 ^	 tt1	 !
u	 LI	 !,	 I	 I	 ,	 J	 ^	 1jJ1	 'y	 J,	 ^''-IJ-	 1,;,
	
-	 ^	 ;,{	 ,
;t	
,_,	 r• ^:f ^, r, 	; _^	 , i t ,	 ^ 1 , 7 •I;1^ ,	 ,	 1	 1-C•	 _-
O	 ,	 I	 1	 „1	 I ;r
	 1	 I, 1.
	
I}^	 ,jjt
	
f	 ilJ ..	 I	 ^;
w	 1	 1	 r
Q1 ^	 ^	 1	 ^	 ' 1	 11	 j	 I	
_JI	 I F ^t	 I	 .3	 III	
y. I.	 _ 1li
	
7. 1
 Jr^
VD	 ! i	 : i'	 y	
-i.	 I	 I	 }„	 1 1	 I-	 JIJ1u	 '	 - ^^ 1^1	 ,_	 -
(	 LL	 1	 'RS	 I	 _
A V	 1ri L1-	 >id
' lj	 O	 I	 -1	 y '_:. Lt?'..:LL'	 O	 &a	 /	 ?	 :,_j l:
y	 fd	 J.	 r-J	
:.y.
cd U	 Y-d^-I	 _ it
L	
S
a	 y	 f	 14	 -1	 ^	 l J_	 TJ 7 ! I i-'	
^N♦ 	 ^	 4
W1	 1	 J.1^	 N 1L1_^	 If	 P,	 1	 ,i
,	 r,	 L i 11 1 1	 '
i	 1	 1	 ii	 1r	 ;^ { ,r	 j	 ^	 ,Iy^ l l = 1	 "	 ,;	 1	 •II'1	 1	 Ilr	 .1	 I
li	 1	 1	 %^_	 ^	 {t	 }'	 1 ^ 	 r .^l	 1 1 1	 l?tl	 41,	 ,..	 11	 f^	 ..	 1	 1	 11
I;	 I	 I	 r.	 'rl	 I I	 I I	 1' I 	rlll	 li	 - IT,!; f --t-1 	i}^^	 1	 1
N
r
N
N
O i+
z w^
N
lr^d
F-1 r+
•• b
.o y
>a
o^
y011 
W "t~
 O
'd^^
 
v 3vN
Id
ai U
tiu 14
o
Cd	
14
O'
Q +'N
Gi	 d N
N
V NO
td O
C H N M
a^
N
id	 N ry
ax
W
N^
MO
Y 5
d
Y
A 00Q1
b
	
00	 1! O^ N
1 b ^'
^ O d
1% 5 w
" & w
	
O	 d & G
	
O	 H^ v
1
O	 O	 O	 O	 O	 O e	 MO	 O
O^f1	 IRV	 M	 N 	 b0
W
(do ) aan3'eaadwa j, xjng
88
O	 O	 O	 O	 O	 p
.D	 ^	 T	 n	 N
(-40 ainnjvtadiva,L )11nH
OO
'^ ^; t	 t	 't.,t li, is r • t,:.ttl Ii. I	 .c:
iu  ( tWOMEN ! c ,.I i,, I I c	 7..	 1,i,	 .1,.	 a	 t,	 (,.	 ,if	 }
%
t
^ l
al^ t o ^;rt	 , 1 t	 1	 i/LEI
:EM	 i i tE { I ^. is
O ^-	 1.	 1 ~T t i	 lil
%
. t « u f'r ^ .,..
t t I	 1
li	 '1 r}t i . 
?IlI	 L « Lr; I	 1t I
« r 1 ^r 1	 .
:I,	 1I +	 7
.G .r	 .
.:t I	 IM	 rt
I
^.. I N I
1	
a
r `Z
.' -	 t-MM ^ t 1
t I 'U, 1 t'^^OL ^I
N	 }t a
.^ .	 It l '
I.. ,it ^.	 I
v t tia	 I	 G F
.W t	
t-:i'.
, ry^ ^
u b .. .1 ^
-
^ t	 1I	
•1.
t 1 ^'a	 '. 	^ .E{ L
N
.11 .} 1 t(7
..^
	
tl..lrG a a ..f I.	 1
L ^ 2	 I Lt I F
i
_Tj tI.
I , t il l.!	 1	 1 C+T
I
t irl
Y
Y	 Y
C	 ^
u	 -^	 c	 a
• 1 1 !C.
.I
'/^ ..I. t ^ t
t.•^
t::	 l{
I:^
.4i
GC	
^	 '^	 ^
Y
[	 .:
n r 1	 z'
E itt r z	 it°;
11T
J	 /.	 C
r
„
•L	
.:	 U	 Ll	 ^+	 U
'
u 0 0 0
Iat
c. I r 1	 1 y.
ma
u	 I	 I	 14
E 1
P:: EE
:i. 4.
1
t.
:. T
t
1.,	
I
rAA
Ld
c
.o
r	 o0
C;
Y C
O
W "V
u n
n
^O
N
N Y
0
zp
y C .0 U
o ^
X ^o
y M
r Nd ..
N f' U
N
o	 c, E
Z N F
Y. N r
O 
N 
r
v
rd Q
^x
V	 -
C C
Q J r r
a G
%
Q ^
C c0 u
N .p 4
^ m
Y
V •0
^ U Y
N	 U A b
Q v
Y N N
G
v V N
G N
n	 d O
1	 Fz_
00
W
O 1
89
O^^
T.
ii	 Irl =, CL:
'h
I^i'	 il^
-I^^ 11 i-•
, .L
I1, T4^
['^ L r*
..i
^H"''C t l^ ill• .tt4 :.rLrf	 1 L 2'	 µ.	 r. ^
1i'-I ^!	 f!
L	
.;-
^II ^Ift C^^1 It
^l
ff1
ai uc'
fl,
tll !	 t an
Ali t; II t t	 E	 1	 I,
J1 /
v CD^	 'V
-E
1
I L I
1	 ,
^1
'!,I	 111
L	 rl	 J
,r^{	 . 1 ..
	 I,
'	 LI	 t L^4't	 (:
-1
1 I,i 11	 .I 11•.^ w
^: 1 ,	 .i it r7
M`
`i^
1 ' W	 1 4l.
-^;
 }r , -
.1,-1
•1 L ,^-F tit,-
^~1 Ir L', rt
—
>	 a^
-	
1l3 -: ::
..
"-Fri r-r.I': [ 1	 t t	 i	 ..L 1.
Y
I t Yr
TA _^L-
>	 ^	 d	 Y	 lV	 ri
U
Lj.::
J- -.1.. vu U J^
' U	 1	 O O a,'
L	 L
' 4'
u:
U
11	 ^
I	 , L 1 1 '^ l _i __
r-
i
f 4 F
0
y
?y 04
! rr	 t-I
_{
.:, a
r-t I ^,
^^^•
1
I 1^
..	 I._^ I I 1	 1. 1 ^ t l
l
S+LT'
1^^
!^ I
_ 1 _,—^ 11i F t_ ' LLB (^ I k 	 ^ I ^L (
!	 IL 1{._ 1.. L i1^I
cEd
Q
•1
o^C 0
o41
^ U
O ^
°w	 ^p
+'^^ N
'3 x
m ^;
^ w
U `^
o	 ^^
N	 b m
00
noY ^
	
•p	 m
	
a0	 ^d h
^ V
	
W	
^^0//
	
^1`1	
rl W
W
Y y
	
O y	 Ln
to
d
~ EaH0 ^ q
	to 	 0... 0
	
a	 ( J-1 U
	
N	 cd w
	
o F4	 aw
0t0` U
W y W 34
,00 4+
U 14 O f
m y H
O	 A CO
a cd
$ 
Y
N to
NN
0Hz^
1
In
M
C	 ^
N	 W
0	 0	 Q CD
0	 0	 ^	 0	 0
111	 er	 M	 N	 °"^
(ao a.TttjEaedusaZ ^tTng
0
90
VQ	 p	 G.	 O	 O	 O	 O_
1• 	ap	 -: ^e	 ,:C	 in	 N
( 10 aangezadway minq
91
. 1, .. 1	 1' • :ff IIL'.	 }i l:	 .!r	 Ii,i	 41.,.	 i' ' 	 t J	 1	 I . (^::. , R
	
r
X	 r*	 li	 !	 i- 1 
=IT:!
	 ;scMillI	 ,f	 ,tr. l	 I	 ' F	 u-tT
-q1	
l	
0
41
;.{ fiitL	 ' '	 1	 1 11 It 1 , 4	 ti
j}	 a	 Lz	 '
	 Mr, aIm
011jill'M	 i till B
u it	 `$I.	 t	 ^I t , )	 ^^	 t	 Ui .t, , La q^
-	
11.E	 t:
.t t:I	 ><	 .	 .w ,L	 _ _
.Y
it
1	 Ii 31 F	 t'1
n	 , Iij Srl
_
,.	 .	 ,
it •	s . 1	 .t 	 iri1!
t	
I 11	 1	 t I.
^tw
	
i t	 4t? 1? l 	{I:'_	 Iri
v ^o {	 I	 t '	 f	 i(	 Itt	 I	 i	 i	 1	 I (
Lj r.: ii^
t
G	 .11UM ^..	 ?Y	 '?F	 t1i	 tti	 F	 u t'	t' tt^ , ! Ith?'. Al i
I
-
fit i	
{Ii	
U	 It t , 
.'^
	 1 I j	 I KiiU
iN
ITS 1 : Timit
Elf
Cl. iv 7
i..
w u
ii t	 o	 t	 LL	 t` fl.
l^
r lr t	 it	
.1y—
L t i I	 c,l'	 t	 :^)	 1
1
a
..	 ,I, I 	17
.>.-	 ,.	 ^ ......
i	 1
.....
,
I
f	
12 	 t t i 	 .,I
,:	
a•-+	
-t,	 :	 {	 1!	 .	 i..i.	 :.	 .	 ..	 i:Il
....:	 .S1..,..
1
....
.......	
cr
t ' .i
t1
1 ,+' tl	 '	
:1i	 T. 1rlt.	 ^	 .1;	 Y	 Ye.
,	 ff	
^	
U
tt { t'
'....e	 , 'I	 i C	 ei	 a	 ^	 U	 ..2.	 .'_If_,I t 	 I '	 ,r^L..,..II
ar
	
i
V	 N	 N
•U om... 	1
	 L:i.$t	 1	 Ili	 t . ^	 fd	 N	 "	 "	 U•- :i. N}	 11.	 rt	 «^,	 C	 '	 h t^.	 U	 W,	 t	
•c	 .=1	 U	 W	 w
^t	 K	 i-.I
f	 1
b•
a
E6
00
o q
Y
y,
a
^ 
U
v
y C
3O
J X
r
N :!
o ,Y,
z ri1
^ u
O
^o
DC N `^
N
a;
U
F y
N iE(it
z
F
O to a„
uv L,
o E ;_
4	 n
G7 Yub I.
w6t¢
r
C
o cc ^
.H ^ N_ G
' y 9 b
v :,nn
v
w
v
ro v
ro «^
w ^
ENv^
F4 z
,
.c
,+f ro
eo
W
C
j-I ri FH;^: j ft-
i 7
14
IT=iiiiiiLiLLi!LiiA ii!liiiiii , LLL:-^ l ' OD
if
LH
U
to
+
tio14
a)
44^
0
Cd (d
u
bD W(1)
:fit
41
Tlihd t
	
i" 
 co	 U^Ti CL: j 14
W	
rh
14
of	 Cd W
U a
444J
Cd	 44	 ra
,,4	 qpip4
$4	 ro
Cd
r2i	 W 14 U
(d
El !	
0
	
1-t 	 4-1	 ... ...71	 u 0 M U
IZ	 34	 q-1 Q Nt^ft.* " 4)	 44
I-t
IT
sd
	
	
- 
4j ro (d
14	
bo
ro
N a) 2-	 k (Lf
	
4 :	 $4
c,
U 41
4.3
(D 0co	
F4
	I 	 z
ffr^
O
tn
	 N1	 N
	
14
-92
T -^Om
O	 O	 O	 O	 O	 O
O	 O	 O	 O	 O	 Or	 .p	 In	 d'	 i+t	 N
0
I ; f t Stl J	 :;} 7
ri i•J. t 1. J.+ .^. it .1. * , .1.f ..u . ,
t{	 1	 r - ^L'' J.11'.'
't ,.1rr1 { ,I 1 { 1 itt7
-I
! « I 3 r te LE J
\ .
.M i
}1'M
141 j7 r rtf
HET
x
I
1ffh of
Il,,
S
X
t^;
r .t. 'ii
111 Y}. t	 T	 " P.71
TT
r
w4
zr.M
n ..i uL
`*
i
"(} I 1	 T	 I 1. t	 1 1 I4'
^:
it I tit t a+ty: r T r ra
^
P izC Vl ^ t t.'.
^ ^ y a.; f,cr - ..1 .fI.... ^
a
_....... h + :-.+.1 . ti1+ J„ _.	 • .:.. :: ,.:•
1	 W	 JY
J., ^' f ..r +te'.•... .. 1J
Irf i^+
...
;rm
,	 ^iS . I^ , .
i
`.... + .._ .... _... ,'	 C	 p .:; I-y
a u:
f't1 rtT
r i r*1 +J
11
t-1
'I I(-I. t
t	 '1
w i ll
J
.IG I ^.^ .is.. t7 7 tIt {, M	 s.
IHI T : jill tlI RE iT 1 I
i
C	 C I
H
^^U	 a
I
r:.. r L I `;	 t is.. , r l i I J. +;: C
.a	
tit -.r :IT 1
!
L
.=i	 N	
O ^
	 n
ri
•.,
	
G I
^	 G
_
! Mi I( r.^
....
1 1
.f	 C1	 Y	 ^	 I I t
^. C
V W
' ^ 'O	 .-1	 V	 i+S	 ^	 H ^^ 1'.
J	
a o Elu
f
3
..
i
.._1 I {
I	
4
1 1it .ii
O
O
O '
ro
Q
rN.
1
.n
0 2
O
^+ Uym
o -,
e •	 Gw
L 0
N
N N
O
In	 Z u
rJ
d N
•d OO
Y
X N
N ^ F d
^E
N
c mFZ a
a :n ag a
.. 
v	 u In
E"
YN	 ^ E•y L
a ;, v
L1	
r4
	
'u
^	 caw
p wu
_ u w
aOw
y v G,
'1'• p^ Y
1-I 1^E
+ ro
w .0
dv
H N y
'	 Ea'
d O 6Hz_
1
m
m
,n	 m
1
93
III
U 70
w
1
W
v^^l
M
e-aO1
60
1-J
50
U
d
80
I j -ym. Run Subscripts indicate time measured
from initiation of H2O injectionJ i ll	 III
I1
® 1
2
1 = 30 sec
O 3
f	 2
1
= 60 sec
4	
I
3
I	 '1
= 100 sec
jl
d
I	
^
1	 4	 1	 j	 IIII	 +II	 I ;L{ (
^^I I I
^ l	 I	 I	 1	 1	 I	 ,,	 1'	 I	 I	 I	 I
({	
I	 1,1	 1;	 II	 I'll'	 ,,i.	 ,I' 5 !	 }	 ,I	 'li	 I	 { III	 ^	 1	 I^	 I,I	 .,lI	 1l,,
1
6 '^`
I	 I
i	 ,	 nil	 ,	 !	 1	 1	 ; ^	 ;	 1	 „	 !	 I	 I,	 ^I	 I
;I H2 O injected at
fi	 ,1^, 111^11115-sec	 (III'	 ';1,	 1
1,
"''r
Pulses at 30-sec intervals . ;L 	 I',' ll 	Iji4
11
I;	 1	 II	 ^.IIn	 1	 111,	 ,Il;,il	 11
i1:	
11
l	 r	 4;j 
1 ;	
'1	 I,
I 1	 VII I ,+i
II^ !1
I
15
1	 I ..E
,
ICI 	II1'	
'II
	
j1' ^^_	 -`	 1	 If	 !	 llt 44	 ,
1^:
(
ll	 .. ,11	 ,	 ',	 II	 u; (Trend Line 
, i ^	 ;; ,I1 1 	 I,I^p	 I,	 ,;	 i	 II	 1 1	 I	 1	 ,^	 1'	 +	 I	 I	 I
1	 I
I 1	 I	 1 I11	 1	 ,	 11	 II	 I II	 ,	 ,.	 1	 Ii	 1, y	 '	 1	 ^,	 !	 Ii
.I
I	 I^
I
I,1 111	 II,,	 I	 IL	 ,,I,I , I	 II,	 ,	 ,	 11^11 J	 ► 	 'I
I,
,,
1	 ,	 ^
I N I	 111',11111^.	 1{	 I I 	 11111	 I : I	 ,,	 i^.I ,
	111^	 (^I	 ill	 ,	 ,I ' I	 ,,^	 ^'	 1	 1 ,	 ,., :;	 ^•	 p l	 11	 '	 ,	 •
tI
I.	
Ir
1 1u	 i,'	 I	 'I 1
I	 I , I II	 III :	
I	 ;1	 I	 I
'}	 I
1	 I,	 ,I	 I	 u
1 1 1 1	 ( ill	 I.	 I	 L,I,I
,!	 I	 .1	 I	 1.'	 I	 ^	 I	 I^	 I;
+	 L,
I .	 1	 ,,...
n,,G;11.;
	
I,	 111,,1,,
I	 I .,
1. ' 	}^
II
;: Corresponds to Vapor	 j	 j	 f	 i	 I
:	 1
Pressure Curve for H O
	
1	 I	 i 1	 4
1..	 2
':.	 I	 I l	 i	 d I
I	 1	 ,
.	 I	 1	 1
I
„
,	 1	 I	 I
,	 I
I
1	
,11	 1
Ili	 l	
ii+
1,1,1	 ,	 l	 4ltll	 1.1	 11111.111;
1	 1	 I'I	 L	 1	 1,	 1	 1)	 1	 1,
_	 I	 1	 1	 1	 j	 14	 1
i	
I	 ^I-I
I	
I
I^ I
•,^i	 Ifl	 I	 tl	 I	 1	 {	 1	
111	
{i!I	 I l li	 pl(I' I	 ^	 ^	 I	 I	 I	 '	 1..'I^
^ 1I
1	 ^	 1	 lllr
1	
I	
I	 I	 I' + ' f 	I ,II	 11
I	
i	 II
^^ ^	 IJII	 +1 1 111 1,;,,	 i	 }(	 1111
-	
1	 1	 1	 !
^^	 ^	 '	 1	 ^	 I ^, ,I	 I ( ;	 lll l 1	 II
	
I	 1^	 'll.'	
I+ i	
1 I	 ^;
^!f	 '11	 1.	 iti	 11;	 11	 I	 u1,	 ,1	 r,ll
11
! 1 n4i I;	 II I	 ,'1 1 t I I itiI
1'
I'I
,
!	 1.
I.
1 1
I
I
1 i ^	 '1 II^^ ^I '1. I (I	 1 1 ''1 I	 ' '
I
I	
,I
1
^ ^Ijl I(i1	 1 1 } I: 'I^ tfff
I
1, : '	 1
! i
^ I i	 I
. .. I ! ,.f f}.1 +^ 1 ',I 1II.II i,lldl ,	 j I	 , ,I	 i'.I ,1 I .1 ,i l I,1
....1 ...,1....,
40
30	 _
10_
4
	2	 3	 4 5 67 8 10
-3
	2	 3 4 5 6 7 8 10-2
Measured Mass Flow Rate, H2O Injected into Model Chamber, m (lbm/sec)
.
Fig. 39 - Sonic Impulse as a Function of Mass Flow Rate from Experimental
Data (Test 12) Using Subscale Spherical Model with Two 0.006-in.
Diam. Nozzles Arranged 180 deg Apart
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Appendix A
Three mathematical thermal models were developed during this study.
Each model is a complex thermal-electrical analog constructed to simulate
the heat transfer paths that exist in the actual system. The, models consist
of the electrical resistances and capacitances that represent the thermal re-
sistances (conduction, convection and radiation) and the thermal capacitances
that exist in the real system. Thermal models were constructed of the spheri-
cal experimental test model, the cylindrical experimental test model and the
prototype (TE-M-364-3).
The same basic techniques were used in constructing all three models.
Also, all of the models were designed to meet the requirement that predicted
temperature values shall agree within +20 0K with the test data. Beat transfer
paths through the structures were defined to include all of the important loca-
tions at which changes occur that affect the thermal parameters (such as
material, area, mode of heat transfer, joints, etc.). Locations at which the
temperatures are calculated (referred to as nodes) were selected along the
various heat paths. This selection was based on the nature of the structure,
the location of instrumentation, and the identification of potential problem
areas. Since the rocket motors that were analyzed are symmetrical about
their longitudinal axis, it was assumed that a motor could be modeled in
circumferential rings (annular nodes). Each ring (or node) was assumes to
be at a uniform temperature throughout.
The nodal network of the spherical experimental test model, shown in
Fig. A- 1, is simulated by a resistor-capacitor network constructed in the
mannex outlined above. The thermal model includes conduction, external
radiation, internal radiation and convection between the inert fluid injectant
and the motor liner.
1
A-1
In performing the analysis, the motor case was assumed to have no
circumferential temperature gradient; the temperature drop between the
liner and the case was taken across the entire thickness of the liner, i.e.,
the nodal temperatures for the liner were calculated for the internal surface
of the liner. This corresponds to the thermocouple locations on the experi-
mental test model.
Since the heat transfer coefficient, h, is the factor which is indicative
of the rate of energy exchange between the motor and the injected fluid, con-
y	 siderations must be given to the physical processes involved. For this
ti.
reason, the laminar and turbulent film boiling heat transfer equations from
Ref. A.1 were chosen for the areas exposed to the injectant spray (aft shell and
inner nozzle cone). The spherical relationship was used for the aft shell, and
the cylindrical relationship was used for the inner nozzle cone. These heat
transfer coefficients were calculated based on an average diameter for the
section in question; however, the heat transfer coefficient calculated by the
spherical relationship is independent of the diameter used. Bartz's method
(Ref. A.2) for determining the nozzle convective heat transfer coefficients was
used for the exit nozzle. The heat transfer coefficients were calculated for
three locations (the nozzle throat, the junction of the nozzle and case, and
the nozzle exit). Average values of these heat transfer coefficients were
used between the nozzle throat and the junction of the nozzle and the case,
and the junction of the nozzle and case and the exit plane of the nozzle. The
laminar heat transfer coefficient over a flat plate (Ref. A.3) was used for the
injector and the forward shell.
The nodal network of the cylindrical experimental test motor thermal
model was constructed by combining the nodal network of the spherical model,
Fig. A-1 with the nodal network for the cylindrical insert, Fig. A -2. The re-
sulting thermal model simulates the heat transfer paths of the cylindrical lab-
oratory test model. The same basic relationships and procedures that were
used in constructing the spherical thermal model were applied in the develop-
ment of the cylindrical thermal model. The heat transfer coefficient expression
developed for horizontal cylinders (Eq. (2.5)) was applied for the cylindrical
insert.
A-2
I
7.
t.
The thermal model of the prototype motor was constructed by the same
techniques as those used in the development of the spherical and cylindrical
thermal models. Figures A-3 through A-7 show the nodal network on which
the thermal model of the prototype is based. As in the construction of the
other models, temperature-varying thermal properties were utilized. Ther-
mal properties for fired or charred materials were used where applicable
and when available. Internal radiation was not considered in this model since
the internal walls were assumed to be at a uniform temperature. This
assumption may require modification if additional test data are generated.
Heat transfer coefficients for application to the prototype motor will be ob-
tained by utilizing: the heat transfer relations previously developed; the
correction factors for the experimental test models; and the prototype
motor dimensions.
The three thermal models are used as input to the Lockheed Mark-5C
Thermal Analyzer Computer Program (Ref. A.5). The thermal models are
used with a set of initial conditions obtained from experimental data. The
initial conditions are formed by the temperature distribution imposed on the
thermal model at the beginning of the period of interest. For this study, the
initial temperature distribution was obtained by averaging experimental tem-
perature values at a given cross section or node. Based on these initial con-
ditions and the construction of the thermal model, the temperature time
histories and the available heat stored in each of the nodes can be calculated.
After the temperature time histories have been generated, predicted and
experimental, temperature distributions can be compared and the validity of
the thermal model established.
Each of the thermal models was checked out before it was used to ven-
erate data to be compared with the results from the inert :`luid injection tests.
A radiation cooldown test was conducted using the spherical subscale test
model to provide data for checkout of the spherical thermal model. This
test consisted of heating the test motor to a relatively high temperature and
recording the temperatures in the model as it cooled by the conductive and
A-3
radiative processes. The model temperature data corresponding to the
termination of model heat up, or "burner-off" condition, was used in the
initial conditions. Predicted and experimental temperature distributions
in the model were then compared after 75 sec had elapsed. Results of
this test, and results from a water injection test, were presented in
Section 4.
The thermal models were used to estimate the residual heat stored
in the test models and the prototype as a function of time, in addition to
predicting temperature-time histories. The amount of heat stored in each
node is calculated as a function of time. The residual heat available in the
subject motor at any time is then determined by summing the heat st sired in
each of the nodes. The estimate of the available heat energy is based on the
difference between the temperature at any location on the model and the tem-
perature of the injectant. The amount of heat stored in a model determines
the amount of energy available to vaporize the inert fluid and therefore the
amount of inert fluid required to remove this energy.
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DERIVATION Ol" CORRECTION FACTORS
FOR TOTAL (IMPACT) TEMPERATURE PROBE
no ."mr1p
B-1
LLppendix B
...
B.1 RADIATION CORRECTION
r:
Shock Wave
Impact P , he Tube
"oZZle Wall
robe
-Alumel)
For the configuration shown above, a heat balance on the exposed impact
probe (thermocouple) tip can be written as
Net Heat
Transferred to	 =
the Thermocouple
II
Heat Transferred
by Convective
Process
I
[
Heat Transferred
by Radiation
Process
III
Heat Transferred
+	 by Conduction
Process (B.1)
Heat transferred to the probe from the nozzle walla by radiation, term I, can
be calculated from the following expression
(B.4)
whe re
grad = a  Acs°-(Tp - Tw)
	 (B.2)
a = Boltzmann constant
A
E
rrs°r
Tp
T
w
For the problem being
values:
= surface area of the probe
= emissivity of the probe surface
= view factor from probe to walls
= temperature of probe
= temperature of surrounding walls.
considered, the parameters have the following
a =0.1714	 Btu 4 ; E =0.6o
hr-ft - F
A = mhd = 2.04 x 10 -3 ft2 , C;r 1.0
Applying these values to Eq. (B.2) yields
grad ° 1.745 x 10-3 rT4 - T41ll p	 w
Term 11 of Ea. (B.1) can be written as
gconv = h9 A(T9 - Tp)
B-2
(B.3)
3 mej
vvhe re
hg = film coefficient of the gas
A = surface area of the probe
T g = local temperature of the gas
T  = temperature of the probe
The film coefficient is determined from the following relation
D*'
 (
0.2 C
	 pie. 
g 0.8^ A* 0.9
—P—Or—. 	 C0
where:
M2	
roC =	 T
1+( 1) M2	 p
(B. 5)
( B °6)
(B. 7)
(B.8)
f ^^
f
1
t
A	 1/2
v-1
C* _	 ^ ^	 ^ Tg	 78.Z (T
M
C µ
Fr = tk = 1 . 14 (evaluated at chamber conditions)
C =	 R = 0.452 Btu
P lbm - oF
(B.9)
B-3
No
Iand
v = 1.0; µ = 2.0 x 10-7 lb - sec
f
.. t^_
k = 9.7. x 10-3	 Btu' = 1.323
hr-ft-OF
D* = 0.82 in. (throat diam. ); To = T9
Assuming that a steady et_se condition has been established on the probe and
noting that the probe (NO13 " thermocouple wire) diameter is small, the
contribution of the conductive heat transfer, term III, can be neglected.
Thus, at any time, t, after steady state has been reached
grad gco:.wv
	
(B. 10)
or
1.745x 10-13 :IT4 r41 = hgA ^.Tg 
_ TpI	
(B.11)
In this relation Tp represents the measured total temperature of the gas. To
utilize Eq. (B. 11) to determine correction for measured values, a test point
must be selected and values of P c , Tp and T  determined. The magnitude
of T  can then be calculated using a trial-and-error method. The difference
between T  and T  is the error in the measured value due to radiation from
the surrounding walls.
B.2 VELOCITY CORRECTION
i	 In addition to the radiation correction discussed in Section B.1.0 the
1	 measured gas temperature must also be corrected for velocity effects.
B-4
If a gas stream of uniform temperature is brought to rest adiabatically,
as at the true stagnation point of a blunt body, the tem perature for an ideal
gas will be
i
Tstag - ( 1+ ^- MZ) Tetatic	 (8.12)
tt
1
in an adiabatic system no heat is transferred through the body itself; however,
the rise in temperature of the wall above the moving-stream temperature
causes conduction of heat back through the gas layers near the wall into the
bulk stream. The magnitude of the adiabatic wall temperature, Taw, relative
'	 to the mean values of Tstatic and Tsta can be expressed by a recovery factor,6N rf<which is defined by
	
N	 Taw - Tstatic	 (B.13)rf	 IT stag - Tetatic
.	 Solving for (`I' s
tag
	 static- 
T	 ) in Eq. (B. 13) and substituting into Eq. (B. 12)
gives
Taw - Tstatic 1 + Nrf	 z M	 B.14
Now Eqs. ( B,;12) and (B. 14) can be used to relate Taw and Tsta .g
	
T stag	 Tstatic	 Teta& (8.15)
Tstatic ^ Taw ]	 Taw
1
Ior
Ts stag 	 \ 1 + \ 2-^ M2)
-.-	 l	 (8.16)Taw	 1 +Nrf 21 M/
Thus,
(+ \^2 1` M2)
TetaR - Taw ^1 F N 
Ni—)
/ 
M2	 (8,17)
rf
In applying Eq. (B.17), the measured temperature is T aw . Recovery factor
values for subsonic flow of air past small diameter probes were used in
determining the temperature corrections $ Ref. B . I. For air at velocities
of 140 ft/sec to 315 ft/see flowing, past thermocouple junctions of various
cross sections, N rf has the following values:
• Axial flow past butt-welded junction (0.01 in diameter) Nrf
= 0,863
• Axial flow past ball junction (0.07 in diameter) N rf = 0,79
• F low normal to butt-welded junction Nrf = 0.66
• Flow normal to ball junction N rf = 0.72.
The diameter of the probe being utilized was 0.013 in., and the flow was as-
sumed axial to the probe, Therefore, a recovery factor of 0.86 was used in
determining corrections, The calculated temperature Tstag represents the
corrected measured temperature.
a
5-6
Reference
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